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Abstract 
 Elemental quantum confined nanocluster systems were previously demonstrated to have 
unusual optical, electronic, catalytic and magnetic properties suggesting to classify them as a new 
form of matter. Optical investigations in solution phase ensembles using monolayer protected 
nanoclusters (MPCs) allowed the community to experimentally confirm that the metal-to-insulator 
transition in gold occurs at ~300 gold atoms. However, investigations of single nanoclusters using 
optical microscopy and spectroscopy to determine effects of quantum confinement in MPCs were 
not reported until now. In my dissertation work, I interrogated isolated single quantum confined 
Au25 MPCs on a solid substrate. My observations made on isolated and aggregated MPCs on solid 
using two-photon excited fluorescence (TPEF) near-field scanning optical microcopy (NSOM) 
revealed that their native quantum confinement effects manifest primarily when they are isolated 
from aggregates and solution ensembles. This is consistent with the picture of narrowing of the 
density of states (DOS) when the quantum clusters are removed from aggregates and studied in 
isolation on solid. Also, it agrees with the enhancement expected for volume-normalized oscillator 
strengths (f12/V) of electronic transitions in the presence of quantum size effects. In order to obtain 
isolated single nanoclusters on solid, I devised a procedure where I synthesized MPCs, isolated 
them in solution phase and then deposited isolated single nanoclusters on solid substrate with ~160 
nm average inter-nanocluster distances. Scanning transmission electron microscopy (STEM) 
confirmed the isolation of single nanoclusters on solid. The investigations of isolated MPCs on 
  
xxiv 
 
solid using aperture-based TPEF NSOM elicit ~30 nm point resolution which is ~5-fold better than 
the typical confocal point resolution. Also, my findings on possible local field enhancement for 
MPCs suggest the potential to use isolated MPCs, MPC arrays, meshes or lattices to obtain 
significantly enhanced TPEF properties that can be used in molecular computing, bioimaging, 
sensing, and data storage applications. 
 On a separate investigation, I explored materials that can increase the theoretical efficiency 
limit of organic photovoltaics (OPV) via intramolecular singlet exciton fission (iSEF). I 
interrogated a quinoidal bithiophene molecule in solution that revealed highly efficient ultrafast 
iSEF with ~180% singlet-to-triplet conversion efficiency. Our finding of iSEF in a small molecule 
invigorates theoretical and experimental investigations of small molecule iSEF materials to make 
highly efficient solar cells. 
1 
 
        Chapter 1 
      Introduction 
1.1 Quantum Confined Elemental Clusters: A new form of matter 
As many of us are aware of, when arranging chemical elements in the periodic table we 
follow a set of fundamental quantum mechanical rules; namely, the filling up of electrons in space 
and time according to their principle (n), angular momentum (l), magnetic (ml) and electronic spin 
(ms) quantum numbers. 
1-3 Such arrangement of elements allowed chemists, physicists and 
engineers to classify certain elements as metals, non-metals or metalloids, facilitating their use in 
(a)   (b)  
Figure 1-14 (a) Typical representation of the periodic table of elements (b) alternative form of 
the periodic table that relies on the building up (Aufbau) principle to form an elemental real 
estate. This elemental landscape would be where one can potentially introduce an additional (3rd) 
dimension along which new elemental nanoclusters with unique size dependent properties are 
introduced.  http://sciencenotes.org/printable-periodic-table/,  
 
 
 
2 
 
countless applications in the last two centuries. As a case in point, metals tend to demonstrate a 
unique set of properties that distinguish them from non-metals (and metalloids). For instance, the 
superior thermal and electrical conductivity of metals and their metallic lustre are typical hallmarks 
of the physical nature of metals. However, during the previous 4 decades, scientists have been 
trying to make and explore novel nanomaterials from the basic elements found in the periodic table 
that fundamentally deviate their physical behavior from their elemental counterparts. 5-18 The field 
of nanoclusters thus emerged may potentially present a new form of matter that may perhaps be 
able to add a new dimension to the periodic table of elements. 10, 18 These materials demonstrate 
unique size-dependent physical behavior and possess previously unanticipated optical, electronic, 
magnetic, and catalytic properties. 19-27 Therefore, this rapidly growing field of elemental cluster 
materials present us with a unique opportunity to study fundamental physical laws abound at the 
nanoscale materials that may culminate in the addition of a novel dimension to materials chemistry. 
In order to understand the properties of nanoclusters in the context of atomic elements and 
their bulk counterparts, we can begin with comparing the density of states picture for different 
sizes of an elemental material. 9 As can be observed in Figure 1-2, the 3-dimensional object has 
continuous distribution of electronic densities of states (DOS), which, for example, may resemble 
a bulk metal such as gold or silver. When a single dimension is reduced to dimensions approaching 
the Fermi wavelength of an electron the material is said to be quantum confined in 1-dimension. 
These are termed quantum wells (2-D). Graphene is a material that can be considered as a 2-D 
material 28 whose finding and characterization resulted in the 2010 Nobel prize in physics. In 
graphene one dimension is quantum confined as it is only atomically thick. For quantum wells the 
density of states become step-like along the energy axis indicating sharp changes in the densities 
of electronic states at certain energies while retaining uniform density at other energies. As one 
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reduces another dimension of the material below the Fermi wavelength of an electron of the 
material one can obtain a quantum wire (1-D) which is now quantum confined in two-dimensions 
(e.g. carbon nanotubes). As is depicted in the figure 1-2, the DOS becomes narrower as certain 
energies are becoming significantly more probable than the others while retaining a continuous 
distribution of energies. Finally, if you make the particle size (in all 3-dimensions) smaller than 
the Fermi wavelength of the electron the (0D) quantum “dots” results. The DOS picture produces 
sharp lines as opposed to broad distributions of energy. In principle, if these nanoclusters can be 
studied in isolation, the presence of these sharp lines indicates an unusually strong per-cluster 
absorption cross sections at specific allowed excitation energies/wavelengths. As can be 
understood, this enhancement arises from the quantum confinement effects for a monodisperse 
nanocluster sample that causes the formation of discrete energy levels. 29, 30 However, if one has 
quantum confined clusters with different cluster diameters one may have different transition 
 
 
Figure 1-2 Formation of a zero (0D) dimensional quantum confined system by reducing the 
dimensions of a bulk material 
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energies. 29 This observation highlights another critical aspect in quantum clusters, namely the 
Quantum size effect which indicates changing of properties of a nanocluster by changing its size 
(number of atoms). 
 Quantum confinement effects were initially predicted by Frohlich 29 in 1937 where he 
described his theoretical findings as follows “……… large differences occur at low temperatures 
between the specific heat of the electrons of an infinitely large metal and those of small metal 
particles.” Several decades later, in 1962, Ryogo Kubo elaborated on these observations to give a 
more thorough theoretical description of quantum confinement effects. 30 In order to better 
understand quantum size effects one can refer to the Figure 1-3. First, we can define an average 
energy level spacing δ for an elemental material which is typically referred to as the Kubo gap. 31 
At room temperature (~ 293 K) the thermal energy is kBT = 25.2 meV; where kB is the Boltzmann 
constant (1.38 x 10-23 JK-1) and T is the absolute temperature. Therefore, as can be observed in 
Figure 1-3, when the δ > kBT, one should be able to observe quantum confinement effects in 
nanoclusters due to discrete band gap separation. However, another interesting fact of Quantum 
size effects appear when we consider the following equation which is known as the Kubo 
criterion.31 
 
   Equation 1-1  𝛿 =
4𝐸𝑓
3𝑁
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 In the above expression the Ef is the Fermi Energy for the given element which indicates 
the highest energy for a ground state electron in a metal at absolute zero (which is ~5.5 eV for 
gold). N indicates the number of electrons present in the material. Since average energy level 
spacing (δ) is inversely proportional to the number of valence electrons, it is clear that the average 
band gap in a nanocluster must vary with the size of an elemental nanocluster. These varying band 
gaps for different number of atoms of a nanocluster can introduce a diverse range of physical 
properties even for nanoclusters made out of the same element. This is indeed the potential of this 
new form of matter that can have a gamut of physical properties which in turn may be able to 
 
Figure 1-3 Formation of a zero (0D) dimensional quantum confined system by reducing the 
dimensions of a bulk material. White spaces are unoccupied states while the black spaces 
indicate occupied states (The blue square includes the size range of quantum confined 
nanoclusters and the size regime larger than quantum confined clusters) 
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incorporate another dimension to the periodic table of elements. In other words, quantum confined 
nanoclusters are “embryonic” portions of the bulk metal possessing properties that are dramatically 
different from that of the parent metal (in terms of structure and function). Also, their physical 
behavior may not be strictly categorized as that of molecules (or atoms for that matter) due to the 
presence of energy bands with many filled valence electrons even though there is a band gap. 
Another important caveat (figure 1-3) is that when the δ approaches thermal energy, the metallic 
properties begin to dominate and the nanomaterial appears to lose quantum confinement effects. 
From the equation 1-1, we can determine the approximate size range where the metal-to-insulator 
transition (quantum confinement) occurs. If we take a noble metal gold as an example, N= 291. 
From previous published work on nanoclusters, this indicates Au nanoclusters with diameters > 
2.0 nm would lose quantum confinement effects. 20-24 From figure 1-3, when the δ << kBT, it is 
clear that positively charged metal cations are arranged in a periodic infinite lattice forming the 
(a)                                           (b) 
                                         
Figure 1-4 Difference in the physical appearance of bulk gold and gold nanoclusters (a) Bulk 
gold (24 carat gold ring) (b) Quantum confined gold nanocluster solution 
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band structure and are immersed in a sea of electrons which is well known as the metallic phase 
of matter due to the infinite periodicity of atoms forming the band structure. 19 The electrons fill 
up energy bands up to the Fermi energy with a continuous DOS. On the contrary, when one 
considers a Au atom, the HOMO-LUMO separation is the highest and demonstrates strictly atomic 
properties. In summary, it is clear that quantum confined nanocluster materials serve as a new form 
of matter that holds great promise as they have fundamentally different physical properties from 
the bulk elements and their atomic counterparts. 19-27 
1.2 Gas phase nanocluster investigations and the modeling of “magic clusters” 
Since the earliest studies of alkali metal and inert gas clusters in the gas phase vapor beams 
5-7, a general theme appeared. That is, the nanoclusters formed in the gas phase followed a pattern 
where certain “magic numbers” of atoms in a cluster seemed to produce unusual stability over 
other sizes of clusters which resulted in the term “magic clusters”.32 Theoretical treatments of such 
clusters was carried out starting from the first principles of quantum mechanics. Using the free 
electron model for valence electrons of a cluster we can consider the nanocluster according to 
particle in a box model. The general Schrodinger equation can be written as in equation 1-2. 
Equation 1-2  (
−ℏ𝟐
𝟐𝒎
+ 𝑽) 𝝓 = 𝑬𝝓 
If one considers 3-dimensional Cartesian coordinates, the quantum numbers in each 
direction are related as follows, n2 = nx
2+ ny
2 + nz
2. If one assumes a spherical potential well, the 
energy of the nanoclusters can be given according to the following equation.  
Equation 1-3  𝑬𝒏 =
ℏ𝟐𝝅𝟐𝒏𝟐
𝟐𝒎 𝒂𝟐
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If we consider a sphere with radius n, the energy levels are distributed on the surface of a 
sphere. This resembles the Jellium model that was introduced to describe the stability of gas phase 
sodium clusters. 33-35 The primary approximation of the Jellium model is that the conduction 
electrons of the elements are moving in a uniform positively charged spherical potential 
background (spherical potential well) where the nuclear charges are somewhat shielded by the core 
electrons and the structure of the lattice is replaced by this average positive background. The 
spherical potential used in such calculations are as follows.36  
 Equation 1-4  U(r)  =  −[
Uo
exp[
r − ro
ε
]+1
] 
Where ro (the effective radius) is defined as,  
            Equation 1-5   𝒓𝟎 = 𝒓𝑺𝑵
𝟏
𝟑 = (
𝟑
𝟒𝝅
) [𝝆𝑵]
𝟏
𝟑 
N is the number of atoms, U is the Fermi energy (work function of the metal at 0 K), ε is the 
permittivity in vacuum, and the ρ is the electron density. Electron filling in this spherical potential 
naturally gave rise to the shell closing for specific number of valence electrons (thus atoms) 
resulting in stable “magic clusters” (figure 1-5).36 While the Jellium model was able to predict the 
stability of N=2, 20, 40, 58 nanocluster sizes for gas phase Na clusters, the spherical potential 
assumed was unable to explain certain other nanocluster sizes observed (N=12, 14, 26, 30, 34,…). 
Therefore, a different potential model that is able to fit in all observed nanocluster sizes was 
required.  
In 1985 Clemenger37 started applying the ellipsoidal Nilsson potential (known as Nilsson-
Clemenger potential) for nanocluster modeling which was borrowed from the ellipsoidal potential 
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well model used to describe nuclear stability. In this model, the modified Nilsson Hamiltonian  
used for valence free-electrons of the nanoclusters was assumed to take ellipsoidal shapes (rather 
than spherical) adding up to form a spherical shell.  
Equation 1-6   ?̂? =
𝒑𝟐
𝟐𝒎
+
𝟏
𝟐
𝒎𝝎𝟎
𝟐(𝜴⊥
𝟐 𝝆𝟐 + 𝜴𝒛
𝟐𝒛𝟐) − ⋃ℏ𝝎𝟑(𝒍
𝟐 − ⟨𝒍𝟐⟩) 
Here the term involving Ω denotes the ellipsoidal correction for the otherwise spherical 
harmonic oscillator potential well. The term ω is the angular frequency of the harmonic oscillator, 
p is the momentum of the electron, m is the mass of the electron etc. The strong correlation between 
the energy level sequencing with these ellipsoidal subshells and the sequence of alkali metal mass 
spectra indicated that the metal clusters are in fact adopting approximately ellipsoidal shapes. 37 
The remarkable agreement with the experimental observations and the potential well 
models for nanoclusters indicated that these materials may be behaving similar to elemental 
“superatoms”10, 19, 25 which will have distinct physical properties compared to their atomic building 
 
Figure 1-5 Mass spectra for Na clusters showing magic stability of certain nanocluster sizes 36 
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blocks. However, the fact that these nanocluster studies were carried out in the gas phase (under 
ultra-high vacuum) indicated that their practical use and the techniques to study their physics could 
become limited. Therefore, in order to understand the fundamental physical properties of this new 
form of matter, cluster systems that are stable in the condensed/solution phase under ambient 
conditions was preferred. Hence, the ability to synthesize monodisperse stable metal nanoclusters 
in solution phase was an exciting major step forward in the field of nanocluster studies. 38- 43 
1.3 Solution phase metal nanoclusters and metal nanoparticles 
 In section 1.1, using Kubo criterion, I have indicated a size limit (> 2 nm) for gold clusters 
that show quantum confinement effects. But, since nanoparticles of an element can have diameters 
larger than their quantum confined sizes, it seems imperative to define the following terminology 
so that the two types of nanomaterials can be distinguished. From this point on ward quantum 
confined clusters of any element will be identified as “nanoclusters” while the larger particles will 
be referred to as “nanoparticles”. For example, gold nanoclusters will have diameters below 2 nm 
while gold nanoparticles will be larger than 2 nm. As will be discussed in detail in this and the 
sections that follow, I think that a clear physical difference between the two types of matter are 
experimentally established and justifies our terminology.  
Nanoparticle synthesis in the condensed phase had been predominantly focused on gold 
nanoparticles due to their high stability and potential use in a wide variety of applications involving 
catalysis, photodynamic therapy etc.19, 44- 49 Synthesis of gold colloids in the modern era have been 
reported about a century and a half ago. In 1857 Michael Faraday had reported the observation of 
ruby colored solutions for gold under reduction with Phosphorous. 50 This is the first documented 
observation found of gold nanoparticle synthesis. Faraday surmised that the colloidal solution thus 
produced should contain particles that are much smaller than the wavelength of visible radiation. 
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In 1951, using electron microscopy for characterization, Turkevich and coworkers have used a 
citrate reduction method to obtain a wide range of sizes (polydisperse) for spherical gold 
nanoparticles (ranging from about 10 nm to 25 nm diameters). 51 Two decades later, in 1973 Frens 
reported the synthesis of monodisperse spherical gold nanoparticles (as small as 16 nm in 
diameter) by controlling the concentration of the citrate solution. 52 As can be understood all of 
the condensed phase nanoparticle studies before 1990s were primarily focused on synthesizing 
gold nanoparticles (as opposed to nanoclusters) due to the presence of properties such as surface 
plasmon resonance (SPR) which is now a field of its own right with many applications. 44-46, 48, 53,54 
To understand optical absorption and scattering by nanoparticles, Gustav Mie55 had 
introduced his theory which utilized the classical electromagnetic solutions for light-particle 
interactions. He treated the electromagnetic field from the first principles and the particle by its 
dielectric function. When the external field is applied the charges tend to separate within the 
boundaries of the particle. And when the field was removed the charges will return to their original 
positions. When applied this model with an electromagnetic excitation field, the excitation of the 
particle by light leads to a resonance which is denoted by Mie resonance frequency (ωM2).  
                                    Equation 1-7   𝝎𝑴
𝟐 =
𝑸𝟐
𝑴𝒏𝜶
 
Here, the Q is the total charge, the Mn is the mass of the valence electrons and α stands for 
polarizability. The frequency of the collective oscillations of the valence electrons of the particle 
under an oscillating electromagnetic field corresponds to the surface plasmon (or plasmon 
polariton)19 resonance frequency (SPR). 44-46, 48 However, this SPR signal for steady state 
absorption becomes dampened for particle sizes below the mean free path of an electron and 
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disappear for quantum confined noble metal nanoclusters leading to a significant contrast between 
the steady state absorption spectra of nanoparticles and nanoclusters. 19- 21 
Most of the previous research of colloids until the 1990s was strictly focused on these 
nanoparticles that do not demonstrate quantum confinement effects. However, the nanoparticle 
synthesis in the condensed phase created a solid synthetic foundation for the “magic” nanocluster 
field to grow rapidly. Monolayer protected gold nanocluster synthesis by Schmid and coworkers 
and Brust et al paved the way to synthesize atomically precise gold nanoclusters in the solution 
phase. 38-43, 56-66 This is a significant advancement in the field of quantum clusters since solution 
phase optical investigations were made possible. Also, since noble metal nanoclusters (especially 
gold) proved to be relatively stable and due to their unusual optical, electronic, magnetic and 
catalytic properties, the field of noble metal nanocluster research in the condensed phase grew into 
a hot field of research during the last two decades. 11- 17, 20- 27, 38- 43, 56- 67  
Initial Brust synthesis was subsequently modified and optimized to obtain stable 
monodisperse gold nanoclusters in the solution phase. 43, 57- 66 Also, the ability to synthesize them 
in large quantities is helpful since that can allow one to use them in future applications. In Brust 
synthesis (sometimes referred to as Brust-Schiffrin synthesis), a thiolate ligand reacts with the 
Au(III) ions in solution under strongly reducing conditions. NaBH4 is used as the reducing agent. 
Due to the use of a monolayer of thiolate ligands, the synthesis can be directed to obtain specific 
sizes of gold nanoclusters under controlled reaction conditions (concentrations, temperature and 
stirring speeds). 43 Due to the high stability of the Au-S bond, thiolate protected gold nanoclusters 
produce extremely stable quantum confined clusters. Therefore, thiolate protected gold 
nanoclusters are ideal candidates to study the quantum confinement of elemental nanoclusters in 
the condensed phase. 
 
 
13 
 
 
1.4 Structure of nanocluster super atoms 
 Since the first reported synthesis of gold nanoclusters by Schmid and Brust, 38-43, 66 it was 
highly desired to find the correct atomic composition and the 3-dimensional structure of 
nanoclusters. This is particularly important to understand the fundamental rules that govern the 
quantum confinement and the stability of atomically precise nanoclusters. 68 After 2007, many 
crystal structures and exact atomic compositions of nanoclusters were solved for many sizes of 
gold and silver nanoclusters (Au102, Au25, Au309, Ag44 etc). 
11- 17, 65  
 
 
As shown in the figure 1-6, using X-Ray crystallography or high resolution aberration 
corrected scanning transmission electron microscopy (Ac-TEM), certain stable nanocluster 
compositions were determined with atomic precision. The question one may ask is do they follow 
any stability rules? And can they predict physical properties (e.g. absorption spectra)? One 
approach of stabilization was proposed by Schmid for his Au55 clusters. 
69 In his approach, the 
                   
(a)                                   (b)                              (c)               (d) 
Figure 1-6 Structures and atomic arrangement of Au and Ag nanoclusters 11, 13, 15, 65 (a) Au102 
(b) Au25 (c) Ag44 (d) Au144 
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atomic packing to form shell closing was considered as the major stabilization force. These clusters 
are known as “closed-shell clusters” to imply the clusters that obey the following rule. For any 
stable nanocluster the ‘n’ stands for the number of shells where the clusters are formed when the 
shells are completely closed by the given number of atoms.  
 
Equation 1-8           Number of atoms in the Cluster Core = 10*n2 + 2    
 
If we consider a central Au atom surrounded by subsequent shells of atoms, Au13 (1 shell), 
Au55 (2 shells) etc results. As is evident, this was specifically useful for describing the stability of 
Au55 nanoclusters and the presence of Au13 cores. However, there appeared many other stable 
nanoclusters in the condensed phase whose stability cannot be explained just by the equation 1-8. 
Also, the packing rules introduced do not predict the electronic energy level arrangement or many 
physical/optical properties of the nanoclusters. Therefore, a model/understanding beyond atomic 
packing was required to describe the stability of other highly stable nanoclusters (e.g. Au25) 
After solving the crystal structure of Au102 and Au25 monolayer protected nanoclusters, the 
field of nanocluster had a more comprehensive understanding of the stability and electronic/optical 
properties of “non-closed-shell nanoclusters”. 11, 13, 14 Jin and coworkers and Schatz and coworkers 
determined the optical properties of Au25 nanoclusters using TDDFT calculations based on the 
crystal structure of the nanocluster. 13 As depicted in figure 1-6(b), the crystal structure of Au25 
possess the Au13 icosahedral core structure surrounded by 12 gold atoms that are bound to S atoms 
of the thiolate ligand in such a manner that they form S-Au-S-Au-S “staple” motifs. This idea, 
which is also referred to as “divide and protect” approach, seems to stabilize these nanocluster 
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structures, although the exact mechanism of their formation is not clear yet. 70 In all of the 
nanocluster structures, the metal core appears to be intact and behave like a “super atom”. The 
main difference between the gas phase nanoclusters and the solution phase nanoclusters is the 
presence of a monolayer for solution phase ligand protected nanoclusters. However, the metal core 
of a monolayer protected nanocluster seems to follow the same electronic shell closing expected 
for gas phase nanoclusters. This presented a great opportunity for spectroscopists to study the 
optical properties of these “super atoms” or “magic clusters” in the condensed phase. During the 
last decade, using ultrafast linear and nonlinear spectroscopy, our group was able to elucidate the 
unique effects that occur at the metal-to-insulator transition for gold and silver monolayer 
protected clusters in the condensed phase. 20, 21, 23, 24, 71- 79 
 
1.5 Optical investigations of quantum confinement in condensed phase using noble metal 
nanoclusters 
Due to the high chemical stability of gold and silver monolayer protected clusters, they are 
good candidates for interrogation of quantum confinement using optical spectroscopy that can also 
be used in subsequent applications. 43, 68, 79 Linear and nonlinear optical spectroscopy of quantum 
confined materials can reveal many intricate properties unique to quantum confinement. For 
example, gold nanoparticles (with diameters greater than 2 nm) show a surface plasmon resonance 
(SPR) absorption peak at ~520 nm which may redshift as one increases the particle diameter. The 
SPR peak in the optical absorption spectrum is absent in quantum confined nanoclusters. 19, 77 This 
is due to the molecule-like band gap separation and formation of discrete energy levels for quantum 
clusters (as depicted in section 1.1) that prevents/dampens the collective oscillation of plasmon 
polaritons. In this section, I discuss various optical techniques that have been used and that can be 
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utilized for investigation of quantum confinement. For detailed descriptions of the spectroscopic 
and microscopic techniques the reader is referred to the Chapter 5 of this dissertation. 
 Steady state emission of monolayer protected gold nanoclusters demonstrates a clear 
contrast to their bulk counterparts. For example, the fluorescence quantum yield of quantum 
confined gold nanoclusters 80 is 6 orders of magnitude higher than bulk gold, 81 and about 2 orders 
of magnitude higher than plasmonic nanoparticles. 82, 83 This enhancement in emission can also be 
attributed to the presence of discrete energy levels reducing the possible nonradiative pathways 
available to lose excitation energy of a nanocluster compared to their larger counterparts 
(nanoparticles and bulk gold). In chapter 3 of this dissertation, I discuss the effects of disassembly 
of Au25 nanoclusters in solution causing the emissive densities of states to reduce resulting in a 
narrowing of the emission spectrum. Interestingly, the steady state absorption of the 13-atom 
icosahedral core remains unaltered upon disassembly indicating quantum confinement of the super 
atom core from the surrounding environment.  
 Similarly, one can use the two-photon absorption cross section of a material as a measure 
the speed of excitation delocalization and the symmetry of the excited state. 84- 87 Two-photon 
absorption is a third-order nonlinear optical process which involves the simultaneous absorption 
of two photons. Therefore, two-photon absorption and its subsequent emission intensity is 
proportional to the square of the incident intensity of light. From the previous studies conducted 
in our group we observed that the per-atom two-photon cross section is much higher for quantum 
nanoclusters compared to gold nanoparticles. And the highest per-atom cross section was observed 
for Au25 nanoclusters, the smallest nanocluster studied in that investigation. 
24 In chapter 3 of this 
dissertation, I discuss the interrogation of the two-photon absorption properties of isolated single 
Au25 nanoclusters on a solid substrate that reveal interesting quantum confinement effects when 
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studied in the absence of ensemble effects and aggregation using high resolution near-field 
scanning optical microscopy (NSOM). 88- 95 Also, in chapter 2, I discuss a study on the bright two-
photon emission from DNA templated Ag nanoclusters indicating enhancement in emission upon 
quantum confinement of the cluster. 
 Time resolved fluorescence emission can also reveal many details of an emissive excited 
state. Using a fluorescence up conversion technique, Yau et al had demonstrated a clear distinction 
between gold nanoparticles and nanoclusters. 77 Due to fast electron-phonon scattering events in 
gold nanoparticles, the emissive excited states appear to be significantly shorter lived compared to 
those of gold nanoclusters. On the contrary, gold quantum confined nanoclusters tend to have 
longer emission lifetimes. In chapter 2, I discuss the effects of DNA capping on the ultrafast 
relaxation of Ag nanocluster excited states, revealing quantum confinement effects when the 
ligand protection is introduced. 
 Ultrafast transient absorption can also reveal interesting properties of quantum confined 
systems. 23, 77 In a transient absorption experiment an initial pulse excites the chromophore to an 
excited state, then a second pulse probes the excited state. Depending on the probe wavelength 
used, one may be able to observe the dynamics of the excited state at a wide range of transient 
absorption wavelengths or an intensity change of a single probe wavelength. In chapter 2, I 
describe the transient absorption studies that were carried out on DNA templated Ag nanoclusters 
revealing the behavior of “molecule-like” state formation upon enclosing/confinement of a Ag 
nanocluster.  
 Single chromophore investigations eliminate the ensemble averaging and inter-nanocluster 
coupling effects that could otherwise hide the effects of quantum confinement. 96 Therefore, in 
order to learn more fundamental details of electronic states and quantum confinement of super 
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atom clusters, I carried out ultrafast nonlinear microscopy of single nanoclusters. The 
interrogations reveal quantum confinements effects for isolated elemental nanoclusters that were 
not reported until now. Chapter 3 discusses the synthesis, isolation and spectroscopy/microscopy 
of monolayer protected Au25 nanoclusters. 
 In summary, linear and nonlinear spectroscopy of nanoclusters can reveal many details of 
their electronic states and their ultrafast dynamics that can unveil unique effects present in 
elemental super atom clusters. Therefore, the optical investigations and single nanocluster 
microscopy can reveal new nanocluster physics and properties that can be used in exciting 
potential applications such as biological imaging/sensing, molecular computers and 
optoelectronics. 26, 97- 108 
1.6 Dissertation outline 
 In this dissertation work I aimed to find answers to the following questions. Do DNA-
templated Ag nanoclusters show effects of quantum confinement when studied in solution phase 
ensembles? How do the optical properties of quantum confined nanoclusters change when single 
nanoclusters are removed from the solution ensembles and studied on solid substrate? How does 
the isolation of nanoclusters from their aggregates and the ensuing removal of inter-nanocluster 
interactions affect their two-photon absorption cross sections? On a different set of experiments, I 
studied small organic molecules for potential photovoltaic applications. The main goal of that 
interrogation was to explore if it is possible to find a small organic chromophore (as opposed to a 
polymer) that give high yields for ultrafast intramolecular singlet exciton fission. If such 
molecules can be found, their triplet exciton extraction at a single molecular scale could eliminate 
the requirement of inter-chromophore coupling that is required for high efficiency intermolecular 
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singlet exciton fission. In effect, this could potentially result in molecular scale tuning of solar cell 
efficiency to obtain high efficiency organic photovoltaic (OPV) devices. 
The remainder of this dissertation is organized as follows. In chapter 2, I discuss 
investigations that were carried out on DNA templated Ag nanoclusters. Their quantum confined 
properties investigated through steady state absorption and emission, two-photon absorption, time-
resolved fluorescence and ultrafast transient absorption are discussed. The work discussed were 
published in the journal Nanoscale. In chapter 3, I discuss linear and nonlinear optical interrogation 
of stable monodisperse Au25 nanoclusters. The synthesis of monodisperse Au25 nanoclusters using 
a well refined technique for atomically precise nanocluster synthesis is used. Following their 
synthesis, Au25 nanoclusters are disassembled in solution phase which reveals quantum confined 
properties of elemental super atom clusters. Then, their subsequent deposition on solid substrate 
and confirmation of single nanoclusters using STEM are discussed. At much lower concentrations 
(~85 times) than that was used for STEM, Au25 nanoclusters are deposited on the substrates and 
investigated using two-photon excited near-field scanning optical microscopy (TPEF NSOM). 
Subsequently, an enhancement in two-photon absorption cross section of Au25 single nanoclusters 
when removed from solid state aggregates are discussed. This serves as the first report of optical 
investigations of quantum confinement in single elemental nanoclusters on solid substrates. The 
work discussed is published in the Journal of the American Chemical Society as a full article. In 
Chapter 4, I switch gears to discuss the linear and nonlinear spectroscopy of a quinoidal 
bithiophene molecule that revealed highly efficient intramolecular singlet exciton fission with 
singlet to triplet conversion efficiency of ~180%. Two-color nonlinear transmission experiments, 
triplet sensitization time resolved experiments, time correlated single photon counting experiments 
revealing delayed fluorescence, concentration dependent steady state absorption, solvent polarity 
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dependent nonlinear transmission experiments, time resolved fluorescence up conversion and 
degenerate and two-color pump-probe experiments all reveal the ultrafast formation of a triplets 
via an intramolecular singlet fission process. This work is published in the Journal of Physical 
Chemistry Letters. In Chapter 5, I summarize the insights gained from the investigations of 
quantum confined metal nanoclusters and the quinoidal bithiophene molecule for intramolecular 
singlet exciton fission. Also, the future directions of the research projects outlined above will be 
discussed. Chapter 5 includes detailed experimental techniques utilized in TPEF NSOM, linear 
and nonlinear spectroscopic techniques used for the investigations of noble metal monolayer 
protected nanoclusters and quinoidal bithiophenes. Synthesis procedure of monodisperse Au25 
elemental clusters are also discussed. 
 Since the observations of Faraday in 1847, gold nanoparticle investigations had captured 
many researchers’ attention. However, Frohlich’s and Kubo’s work has clearly shown that there 
will be a new dimension for elemental materials that will possess quantum confinement properties 
with unique behavior compared to the metal nanoparticles Faraday had observed, bulk metals or 
molecules. However, until the optimization of atomically precise nanocluster synthesis, these 
elemental nanocluster materials could not be studied with confidence. During the last two decades, 
investigations of quantum confined materials received ever increasing attention from the scientific 
community due to the ability to synthesize stable quantum clusters with exactly known 
composition and structure. From our optical investigations it is clear that quantum confined 
nanoclusters made from elements possess properties that deviate from their bulk metal 
counterparts, metal nanoparticles and elemental atoms/molecules, revealing a new form of matter. 
Therefore, the quantum confined nanocluster studies reveal a new dimension that could be added 
to the periodic table introducing a new degree of freedom to material sciences. 
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Chapter 2 
 
Investigating Quantum Confined DNA-templated Ag Nanoclusters in Solution 
Phase using Linear and Nonlinear Spectroscopy  
 
2.1 Original Publication Information 
This chapter primarily contains material that was originally published as the following document. 
“Bright two-photon emission and ultra-fast relaxation dynamics in a DNA-templated nanocluster 
investigated by ultra-fast spectroscopy” 
Sung Hei Yau, Neranga Abeyasinghe, Meghan Orr, Leslie Upton, Oleg Varnavski, James H. 
Werner, Hsin-Chih Yeh, Jaswinder Sharma, Andrew P. Shreve, Jennifer S. Martinez & Theodore 
Goodson III 
Nanoscale 2012, 4, 4247-4254. 
In this chapter, I describe the experimental outcomes and the scientific insights we have been able 
to gain through the investigations of DNA templated Ag elemental quantum clusters.
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Figure 2-1 Table of contents image as published for DNA-templated Ag NCs.  
 
2.2 Introduction 
 Previous spectroscopic investigations of Au nanoclusters in the solution phase revealed 
unique quantum confinement effects. 1- 12 The spectroscopic distinction observed between the 
nanoparticles (> 2 nm) and quantum clusters (< 2 nm) is significant. 1, 2, 4, 9, 11 Steady state 
absorption for Au nanoparticles show the surface plasmon resonance (SPR) band at ~520 nm 
which is absent in the absorption spectra of Au nanoclusters. 1, 11 Quantum confined Au 
nanoclusters in solution phase revealed extremely large per-atom two photon absorption cross 
sections for the smallest nanoclusters studied (~17000 GM for Au25).
 4, 12 Additionally, time 
resolved fluorescence up conversion studies revealed that the Au nanoclusters tend to show 
relatively longer fluorescence emission lifetimes compared to Au nanoparticles. 1, 11 As a result of 
these long lived emissive excited states the quantum confined nanoclusters tend to have about 6 
orders of magnitude larger fluorescence quantum yields 13 compared to the bulk gold 14 and about 
2 orders of magnitude larger quantum yields compared to gold nanoparticles. 7, 15 All of the above 
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observations are consistent with the energy band separation for quantum confined nanoclusters (as 
shown in section 1.1) resulting in discrete densities of electronic states (DOS). 16- 23 Additionally, 
degenerate pump probe experiments for Au nanoclusters in the solution phase have shown an 
oscillating transient absorption features indicating quantum confinement effects. 2, 9 For 3 nm 
diameter Au nanoparticles, the oscillatory transient profile was absent indicating a clear distinction 
between the nanoparticles and nanoclusters. The spectroscopic signatures observed in solution-
phase Au nanocluster investigations proves the strength of linear and nonlinear spectroscopic 
characterization of quantum confinement of super atom clusters to reveal their “molecular-like” 
behavior. Therefore, Au NCs can be considered to obey the “superatom” model where the quantum 
confined stable metal nanoclusters are formed. 24   Also, their relatively high emission quantum 
yields and large two-photon absorption cross sections can imply their potential future use in 
bioimaging/sensing, optoelectronics and molecular computing. 25- 33 
An important question one may have is, do all metal nanoclusters show the same 
spectroscopic signatures under quantum confinement? To answer this question, we turn to silver 
nanoclusters which are composed of noble metal atoms similar to gold. The ability to contribute 
one valence electron for each atom of a silver nanocluster and similar Fermi energies as that of 
gold should ensure that magic number clusters of silver resemble the properties and geometries 
observed for gold. 16- 19 In order to test this hypothesis, stable Ag nanocluster synthesis in the 
solution should be materialized. Recent advancements in silver nanocluster synthesis indicates that 
their spectroscopic investigations in high yield is possible. 34, 35 
In this work, we investigated Ag nanoclusters (NCs) that are stabilized by DNA and are 
also referred to as NanoCluster Beacons. 36- 38 They have Ag NCs nested in single stranded DNA 
(ssDNA). While they are present in single strands they tend to be less emissive. When a 
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complementary DNA strand form an enclosing around Ag NCs with the correct stabilizing 
sequence they tend to enhance the fluorescence emission. These double stranded DNA (dsDNA) 
templated Ag nanoclusters are good candidates to test the effects of nanocluster ligand stabilization 
effects on quantum confinement. They were reported to have a quantum yield of ~30% when 
stabilized with the correct DNA sequence. Therefore, DNA-templated nanoclusters serve as strong 
candidates for fundamental spectroscopic investigations as well as biological imaging 
applications. 
Typical characterization of nanoclusters involves mass spectrometry and electron 
microscopy. 39- 41 For DNA-templated Ag nanoclusters, mass spectrometric characterization 
measures an average number of Ag atoms present in the nanocluster system. However, it does not 
reveal how many Ag atoms are present per Ag nanocluster. Therefore, Ag K-edge Extended X-
ray Absorption Fine Structure (EXAFS) has been used to identify the Ag nanocluster sizes present 
and reveals how many metal-metal and metal-ligand bonds are present. 38 The bond distances 
observed were consistent with the bond distance found in Ag nanoclusters. While the exact 
composition is not clear, we can state that each nanocluster contained 8 to 20 Ag atoms. Therefore, 
our goal in these investigations are to investigate the quantum confinement from a qualitative 
standpoint to examine if Ag nanoclusters show the same general behavior that was shown by 
quantum confined Au nanoclusters in the condensed phase. 
In the remainder of this chapter, I will be discussing experiments carried out in solution 
ensembles of DNA-templated Ag nanocluster systems and the ensuing insights of their quantum 
confinement. The steady state absorption and emission experiments were carried out on these 
DNA-templated Ag NCs. After demonstrating the clear difference between steady state spectra of 
ssDNA-Ag NCs and dsDNA-Ag NCs, I will move to two-photon absorption experiments that were 
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carried out on dsDNA-Ag nanocluster systems indicating bright two-photon fluorescence. 
Femtosecond time-resolved transient absorption experiments also reveal the formation of a new 
bleach state for the dsDNA-Ag NCs indicating a clear effect of quantum confinement upon 
stabilization of the nanoclusters. Finally, I will discuss the long lived fluorescence up conversion 
results that are also indicative of the quantum confinement for dsDNA-Ag NCs. 
2.3 Results and Discussion 
 For all of the experiments described below, the detailed experimental procedures are 
included in the Chapter 5. 
2.3.1 Steady state absorption 
 Steady state absorption spectra are shown in figure 2-2. As can be observed, the Ag 
nanoparticle (NP) surface plasmon resonance (SPR) at ~455 nm was modeled in order to compare 
    
 
Figure 2-2 Steady state absorption spectra of DNA-templated Ag NCs and comparison with Ag 
nanoparticle steady state absorption 
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it with the NC results. The ssDNA Ag NC seems to show a shoulder in the absorption spectrum 
that corresponds to the SPR peak for Ag NPs. 42 Since pure DNA would not absorb above 300 nm, 
an absorption at 455 nm by DNA is highly unlikely. Also, when dsDNA is added, the Ag NCs no 
longer show any sign of SPR (which may rule out the presence of Ag NPs in the solution). Rather, 
the steady state absorption spectrum changes to give several distinct absorption peaks at 580 nm 
and 670 nm that were absent before. This is an indication of quantum confinement effects in Ag 
NCs due to the presence of discrete transitions indicating that the dsDNA-Ag NCs show 
molecular-like behavior.  
2.3.2 Steady state emission and excitation spectra 
 Normalized steady state emission spectra for Ag NCs on dsDNA and ssDNA are compared. 
As depicted in figure 2-3, when excited at 400 nm, ssDNA-Ag NCs show an emission peak at 550 
    
 
 Figure 2-3 Steady state emission spectra of DNA-templated Ag NCs  
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nm whereas for dsDNA-Ag NCs the ~550 nm peak is relatively weakened compared to a new 
emission peak that appears at 650 nm. The peak observed at 470 nm under 580 nm excitation is 
the Raman signal from the solvent. The quantum efficiency of 650 nm emission for dsDNA 
templated Ag NCs were previously reported to be ~30%. Also, the 650 nm emission observed for 
dsDNA-Ag NCs are 8 times stronger than the 550 nm emission observed for ssDNA-Ag NCs. As 
depicted in figure 2-4, when an excitation spectrum was taken for 650 nm emission, one can easily 
see that the excitation maximum occurs at 580 nm. This is consistent with the formation of a new 
state for dsDNA-Ag NCs steady state absorption at 580 nm. 
2.3.3 Two-photon absorption  
 We conducted two-photon absorption (TPA) at 800 nm excitation for DNA template Ag 
NCs in the solution phase. For the excitation, an 80 MHz laser with ~ 110 fs pulses were used (see 
    
 
 Figure 2-4 Steady state excitation and emission spectra of dsDNA-templated Ag NCs  
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Chapter 5 for more details of the experiments).  The two-photon excited fluorescence was observed 
at 630 nm. The two-photon fluorescence spectra and power dependent two-photon plot for 
dsDNA-Ag NCs are shown in figure 2-5. As can be seen, a slope of 2 for log-log plot indicates 
two-photon absorption at 800 nm excitation. The calculated two-photon absorption cross section 
for dsDNA-Ag NCs is ~3000 GM. The action cross section of 900 GM (3000*0.3 GM) for these 
chromophores indicate their extremely bright emission under two-photon excitation. Therefore, 
DNA-templated Ag NCs are strong candidates for multiphoton imaging in biological systems. It 
must be noted that ssDNA-Ag NCs do not seem to show any two photon absorption. However, 
one photon absorption of ssDNA-Ag NCs at 400 nm are much stronger than at any other 
wavelength. The weak to zero two-photon emission for ssDNA-Ag NCs indicates that the presence 
of 580 nm state of dsDNA may be serving as a point of transition of TPA excitation energy through 
    
 
 
Figure 2-5 Two photon fluorescence spectra of ssDNA and dsDNA Ag NCs and the log-log 
power dependent fluorescence for dsDNA-Ag NCs.  
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580 nm to 650 nm. Due to absence of this state, ssDNA-Ag NCs seem to be less emissive. The 
strong excitation spectrum at 580 nm of dsDNA-Ag NCs is consistent with this argument. 
2.3.4 Wavelength resolved femtosecond transient absorption  
 Transient absorption was used to investigate the excited state dynamics of DNA-templated 
Ag nano-systems under study. Transient absorption measures the difference between the steady 
state absorption and the excited state absorption using pump-probe spectroscopy. In our 
experiments, the change in absorption is measured starting from the first 100 fs following 
excitation up to 1.6 ns, producing excited state absorption snap-shots from 450 nm to 750 nm range 
of wavelengths. When excited using the pump beam at 470 nm, the transient absorption spectrum 
shown in figure 2-6 results. As can be observed, a bleach signal at ~590 nm can be seen for dsDNA-
    
 
 
Figure 2-6 Transient absorption of DNA-templated Ag NCs under 470 nm excitation. The 
transient absorption spectra at 20 ps are shown. 
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Ag NCs. This bleach can be directly related to the steady state absorption at 580 nm for dsDNA-
Ag NCs. If we take a look at the kinetic trace for that bleach state (figure 2-7), it is clear that it has 
a non-zero component even before zero time. This observation indicates the presence of a long 
lived bleach state beyond the repetition rate of the laser (1 kHz) which is 1 ms or longer. Also, 
since the bleach state at 590 nm corresponds to the 580 nm excitation maximum for 650 nm 
emission, this 590 nm bleach should be directly related to the 650 nm emission. Therefore, the 
unusually large quantum yield at 650 nm emission could also be explained by this long-lived 
bleach state. The presence of such long lived excitations in nanoclusters indicate their discrete 
electronic energy level formation resulting due to quantum confinement effects. Therefore, it is 
clear that dsDNA-Ag NCs shows many signs of quantum confinement effects in the condensed 
phase.  
 
    
 
Figure 2-7 Transient absorption kinetic fit for dsDNA-Ag NCs for 470 nm excitation and 692 
nm and 556 nm transient data. 
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2.3.5 Femtosecond-resolved fluorescence up conversion 
 Using time-resolved up conversion, we have studied the dsDNA-Ag NCs. From the steady 
state emission data, we decided to conduct fluorescence up conversion experiments for 550 nm, 
600 nm and 650 nm emission. However, detectable signals were obtained for 550 nm and 600 nm 
emission. From previous experiments by others using time-correlated single photon counting 
experiments, the 650 nm emission was shown to have a 3.48 ns life time. 35 Since the 650 nm 
emission was not observed for the time window between 60 fs to 4 ps, we can state that the 650 
nm emission occurs from a later transition (consistent with the 580 nm bleach state observed 
previously). The emission at 550 nm and 600 nm shows similar dynamics with rise times of 3.85 
ps and 2.49 s for 550 nm and 600 nm emission wavelengths respectively. This alludes to the 
possibility that both emissive states seem to be originating from the same initial state. Since this 
    
 
 
Figure 2-8 Fluorescence up conversion data for 550 nm and 600 nm emission. 
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weak emission is present in both ssDNA and ds DNA Ag NCs, this emission could be attributed 
to the metal core emission.  
 The emission from the 650 nm, on the other hand, could be a result of a triplet state, a 
charge transfer state or a surface state. Based on our previous experiments on Au monolayer 
protected nanoclusters, the emission observed is more likely to be from the surface states of the 
dsDNA-Ag NCs. And it is highly probable that the energy transfer to 650 nm state occurs at a 
much later time than interrogated in this experiment. However, one important difference between 
Au NCs and dsDNA-Ag NCs is that the quantum yield observed for the surface states (i.e. near IR 
emission) for Au NCs was on the order of 10-4 which is about 3 orders of magnitude weaker than 
observed for dsDNA-Ag NCs. 13 
 
2.4 Summary and Conclusions 
 As was observed in the aforementioned linear and nonlinear optical investigations of 
ssDNA-Ag NCs and dsDNA-Ag NCs, we were able to find quantum confinement effects for Ag 
NCs. The most prominent quantum confinement effects were observed for dsDNA-Ag NCs upon 
capping using the stabilizing DNA sequences/ligand. dsDNA-Ag NCs showed discrete absorption 
peaks that arise from discrete electronic transitions which is a signature of quantum confined 
nanoclusters. Quantum yield reported for these Ag NCs indicate that they are about 9 orders of 
magnitude stronger than typical bulk metal emissions and about 5 orders of magnitude stronger 
than noble metal nanoparticles. The unusually strong two-photon absorption for dsDNA-Ag NCs 
follow a similar trend observed by Au nanocluster materials while the action cross section for Ag 
NCs are much larger than that of gold. This is another indication of quantum confinement of these 
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condensed phase Ag NC systems. When investigated using ultrafast time-resolved spectroscopy, 
we were able to observe a long lived emissive excited state for dsDNA-Ag NCs at 650 nm which 
was attributed to a bleach state at 580 nm of the transient absorption. This bleach state directly 
corresponds to the 580 nm steady state absorption feature and the excitation maximum for 650 nm 
emission. Interestingly, the 580 nm emission appears to last longer than the laser repetition rate (1 
kHz) which indicates a >1 ms lived bleach state. The presence of long lived emission for 650 nm 
is consistent with the fluorescence quantum yields observed for dsDNA-Ag NCs. Also, the fact 
that 550 nm and 600 nm can be observed for both ssDNA and dsDNA Ag NCs mean that the 
emission at 500 nm should be taking place from the quantum confined metal core states. Whereas 
the 650 nm emission which is absent in ssDNA-Ag NCs comes from the surface emissive state 
present in the nanoclusters upon stabilization by the ligand. Similar observations were made with 
solution phase investigations of Au quantum confined clusters.  
 Based on the steady state absorption, emission, wavelength resolved transient absorption 
and time-resolved fluorescence up conversion and nonlinear spectroscopic data, we can present 
the energy level diagram for dsDNA-Ag NCs (figure 2-9). According to our model, the singlet 
    
 
Figure 2-9 Energy level diagram proposed for dsDNA-Ag nanoclusters. 
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emission at 540 nm occurs from the state “B” associated with the Ag metal core while the emission 
at 650 nm originates from the surface emissive states. We attribute the high yield singlet emission 
at 650 nm to the efficient energy transfer between 590 nm absorption and surface emissive states. 
It must be noted that the state “C” of the dsDNA-Ag NCs is formed upon binding of the stabilizer 
sequence of the second DNA strand. This implies that the state “C” is not present in ssDNA-Ag 
NCs.  
 In conclusion, our linear and nonlinear spectroscopic investigations of DNA-templated Ag 
NCs in solution phase ensembles indicates the presence of quantum confinement effects in ligand 
stabilized Ag NCs. Their potential use in multiphoton imaging in biological systems is highly 
favored due to the unusually large two-photon absorption cross sections observed. This study 
indicates that similar to the previous investigations of Au NCs in solution phase, the Ag NCs also 
tend to follow the “superatom” picture. 20- 24, 43- 48 However, the current studies (as well as many 
previous studies reported for quantum confined nanoclusters) provide us with average optical 
responses of quantum confined Ag NC ensembles. Typically, this effect hides the effects of 
heterogeneity among nanoclusters. 49 Also, when nanoclusters are studied in the condensed phase 
the inter-nanocluster interactions may come into play affecting the optical responses due to dipole 
coupling, fluorescence quenching or energy transfer between nanoclusters. 12, 50 Therefore, in order 
to get a more detailed understanding of the optical responses of quantum confined systems, it is 
desired to study them as single nanoclusters that will reveal the effects of heterogeneity and 
eliminate possible inter-nanocluster interactions that may be present.  
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Chapter 3 
Solid State Quantum Confined Gold Quantum Dots Investigated using Two-
photon Excited Fluorescence Near-field Scanning Optical Microscopy 
 
3.1 Original Publication Information 
This chapter primarily contains material that was originally published as the following document. 
“Enhanced Emission from Single Isolated Gold Quantum Dots Investigated using Two-Photon 
Excited Fluorescence Near-field Scanning Optical Microscopy” 
Neranga Abeyasinghe, Santosh Kumar, Kai Sun, John F. Mansfield, Rongchao Jin & Theodore 
Goodson III 
Published in the Journal of American Chemical Society as a full article (DOI: 
10.1021/jacs.6b07737).  
The modifications to the original document is cosmetic and are used only to conform to the format 
of this dissertation or to provide uniformity of enumeration. I contributed to this paper by 
synthesizing water soluble Au25 nanolusters, preparing pH controlled samples, conducting steady 
state absorption and emission experiments, preparing samples for scanning transmission electron 
microscopic (STEM) and near-field microscopic experiments, conducting TPEF NSOM 
experiments, analyzing and fitting TPEF NSOM data and doing relevant calculations. Following 
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the complete description of the aforementioned paper, I elaborate more on the large aggregate 
(~150 nm wide) two-photon excited fluorescence near-field scanning optical microscopy that 
preceded single nanocluster work (which was not included in the paper). 
 
 
Figure 3-1 Table of contents image as published.  
 
3.2 Abstract 
New approaches in molecular nanoscopy are greatly desired for interrogation of biological, 
organic, and inorganic objects with sizes below the diffraction limit. Our current work investigates 
emergent monolayer protected gold quantum dots (nanoclusters) composed of 25-gold by utilizing 
two-photon excited fluorescence (TPEF) near-field scanning optical microscopy (NSOM) at single 
 49 
 
nanocluster concentrations. Here, we demonstrate an approach to synthesize and to obtain isolated 
single nanoclusters on solid glass substrates. Their subsequent investigation using TPEF NSOM 
reveals that even when they are separated by several tens-of-nanometer distances we can excite 
and interrogate single nanoclusters individually. Interestingly, we observe an enhanced two-
photon absorption cross section for single Au25 NCs that can be attributed to few-atom local field 
effects and to local-field induced microscopic cascading (LFIMC), indicating their potential to be 
used in ultrasensitive sensing, disease diagnostics, cancer cell therapy, and molecular computers. 
Finally, we report room temperature aperture-based TPEF NSOM imaging of these nanoclusters 
(NCs) for the first time at 30 nm point resolution which is a ~5-fold improvement compared to the 
previous best result for the same technique. This report unveils the employment of the unique 
combination of unusually large two-photon absorption cross section and high photo stability of the 
gold-nanoclusters to (non-destructively) investigate stable isolated single nanoclusters using TPEF 
NSOM, which is the first ever reported optical study of monolayer protected single quantum 
clusters which also unveils a very promising direction in spectroscopy of nano-sized objects, 
bioimaging, ultrasensitive sensing, molecular computers and high density data storage. 
 
3.3 Introduction 
         Quantum-confined monolayer protected noble metal nanoclusters (NCs; with metal core 
diameters < 2.5 nm) have recently emerged as a novel class of nanomaterials following the first 
determination of their crystal/atomic structure,1-7 and the demonstration of their remarkable 
catalytic,8 electronic,9 magnetic,10 and optical properties.11-15 These unique properties in NCs are 
due to the band-gap opening as their metal core diameters approach the Fermi wavelength of free 
valence electrons; an effect termed quantum confinement. Even though their optical properties 
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were studied extensively for nanocluster ensembles, 11-15 evidence of single NC optical properties 
were not reported until the current work. The advantage of single NC (single molecule) 
investigations is that they manage to draw out many intricate and fundamental details of individual 
nanoclusters/molecules and effects of heterogeneity that are lost due to ensemble averaging; and 
their unique individual behaviors can serve as reporters of their immediate nano-environments. 16 
Therefore, probing of single nanoclusters is desired to further appreciate the unique optical, 
electronic and catalytic properties of these nanomaterials. However, previously reported single 
nanocluster investigations were conducted using electron microscopic techniques (e.g. High angle 
annular dark field [HAADF] STEM imaging or combined with EELS, aberration-corrected [AC] 
TEM) that tend to perturb and alter the structure of the nanocluster while it is being investigated.2, 
7, 17,18 If one is to use the NCs in bio-imaging and sensing applications, electron microscopy 
becomes incompatible due to the high likelihood of damaging or altering the metal-core structure.7 
For this reason, so far, room temperature TEM investigations of isolated monolayer protected 
clusters were not reported for stable clusters smaller than Au55.
19 Additionally, since single NCs 
can be utilized in many potential applications (e.g. sensing, bio-imaging and electronics), it is 
desired to study them using an approach that can likely be utilized in such endeavors. Therefore, 
in order to learn potentially promising properties of single nanoclusters, optical spectroscopy and 
microscopy is an ideal avenue owing to the non-destructive nature of optical excitation. More 
importantly, since quantum confined nanoclusters can have exceptional optical properties due to 
their unique electronic structures 11-15 one may be able to exploit such properties to conduct single 
NC spectroscopy. Thus, with the aim of interrogating and eliciting the unique properties of single 
NCs in a non-invasive and non-destructive manner, novel approaches of employing unique optical 
properties of the quantum confined nanoclusters are desired. 
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              Many advances in optical imaging and spectroscopy of nanoscale objects were reported 
during the past few decades.20-31 The ability to obtain point resolutions that are below the 
diffraction limit (~λ/2; >200 nm for optical microscopy) was considered as major progress as they 
allowed closely-spaced nano-sized objects to be probed when they are separated by tens of 
nanometers apart. Point resolution of a microscope can be defined as the full width at half 
maximum (FWHM) of the representative point spread function (PSF) obtained from a single point-
like object. For far-field optical microscopy, improvement of point resolution below 200 nm 
required the modification of the excitation or detection mechanism.20-23 It was generally considered 
that if a molecule has a nonlinear optical response, diffraction-unlimited point resolutions can be 
attained readily. 21 Nonetheless, with far-field two-photon excited fluorescence imaging, the 
excitation spot in the x-y plane (lateral) will be twice as large compared to its one-photon 
counterpart. 21 Consequently, typical far-field multiphoton fluorescence microscopy 32 has not 
been able to enhance the lateral point resolution below 200 nm (It must be noted that recent reports 
on nonlinear microscopy of metals were able to obtain localization accuracy on the nanometer 
dimensions. Localization accuracy derives from a numerical determination of the precision of the 
maximum of PSF).33, 34 However, it must be noted that due to the use of longer wavelengths for 
excitation, multiphoton fluorescence microscopy has the advantages of lower background 
fluorescence; and due to quadratic dependence of fluorescence on excitation intensity, improved 
contrast of the optical image is observed.30 
              Contrary to far-field techniques, near-field optical imaging eliminates the diffraction 
barrier altogether by using evanescent fields near (<<λ) a sharp metal tip or an aperture (by 
reducing the effective excitation volume).24 -30 Betzig et al24 have demonstrated room-temperature 
one-photon excited fluorescence (1PEF) NSOM with point resolutions below 100 nm. Compared 
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to 1PEF NSOM, multi-photon fluorescence (e.g. TPEF) NSOM is also able to realize an enhanced 
point resolution due to its independence of diffraction by lateral confinement of light and strong 
intensity dependence inherent to two-photon excitation. In other words, TPEF NSOM carries all 
of the advantages of typical TPEF microscopy and the ability to (unlike far-field TPEF) obtain 
sub-diffraction point resolutions.  Along these lines, TPEF NSOM of Rhodamine B single 
molecules were reported by Steel and coworkers35. However, point resolutions better than ~175 
nm were not materialized for aperture based TPEF NSOM. It was inferred that with smaller 
diameters of the apertures, insufficient intensities of the electric field component at the optical 
near-field may have caused this difficulty. 35 Also, rapid photo-damage of typical organic TPEF 
chromophores under high TPEF excitation intensities clearly limits the success of this approach. 
However, since noble-metal nanoclusters have demonstrated high stability under optical 
excitation, we explored the possibility of employing (while revealing) exceptional TPEF properties 
of NCs15 for the interrogation of single isolated nanoclusters with TPEF NSOM technique that will 
also afford lateral resolutions an order of magnitude below the diffraction barrier. This could allow 
the individual nanoclusters to be placed on a substrate several tens of nanometers apart and 
investigate their nonlinear optical properties with exciting one nanocluster at a time. 
               Previous investigations on 25-gold atom nanoclusters (Au25 NCs) have revealed 
exceptionally large two-photon absorption cross sections in the solution phase NCs (δ = 4.27 x 105 
GM [GM= 10-50cm4s/photon])15 and in NC films (δ ~106 GM)36, highlighting their potential to be 
used in multiphoton single nanocluster spectroscopy. Also, gold NCs have shown enhanced 
emission quantum yields in the solution phase (η≥1 x 10-4)37 orders of magnitude higher than their 
larger (> 2.5 nm core diameter) counterparts such as gold nanoparticles (NPs) (η ~ 10-6)38, 39 and 
smooth gold films37 (η ~ 10-10). Since water soluble Au25SG18 (glutathione protected Au25) can be 
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easily synthesized with high monodispersity, 41-43 they can potentially be used in biological 
imaging applications. Moreover, compared to Ag NCs, Au NCs are well studied and possess 
greater chemical stability 44 and Cu NCs were not reported to possess unusually high TPA cross 
sections. Out of all of the Au NCs that have been studied so far Au25 are the most stable. 
Nonetheless, as mentioned earlier, no monolayer protected single nanocluster study (room 
temperature TEM or Optical) was reported for a stable monolayer protected nanoclusters smaller 
than Au55.
19 Therefore, given the extraordinarily high stability reported for Au25 NCs, 
44 their 
relatively smaller size (~1.2 nm) and low bio-toxicity compared to semiconductor quantum dots, 
45 Au25 NCs are strong candidates for being adopted in high-resolution optical imaging, high 
density data storage and ultrasensitive sensing of nano-environments. 
               In this article, using aperture-based TPEF NSOM imaging, we report the first 
observations of single Au25SG18 NCs by demonstrating exceptional TPEF properties of the 
material. We investigate their dissolution into single NCs in solution, and confirm the presence of 
isolated single NCs on solid substrates by utilizing scanning transmission electron microscopy 
(STEM/TEM). We probe their optical properties at ~30 nm (~λ/27) point resolution using 
aperture-based TPEF NSOM while exciting one nanocluster at a time. Therefore, in the current 
work we report the utilization of unusual nonlinear optical properties of nanoclusters for their 
interrogation at single NC concentrations which is a unique and non-destructive approach to 
obtain, confirm and conduct single NC nonlinear spectroscopy and imaging. 
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3.4 Results and Discussion 
3.4.1 Steady-state spectroscopy 
Au25SG18 dissolved in water produces a steady state UV-Visible absorption spectrum (Figure 
3-2 a) with the characteristic absorption features observed for 400 nm (3.10 eV), 450 nm (2.76 
eV), and 690 nm (1.80 eV). These absorption features indicate the strong monodisperse nature and 
the characteristics of quantum-confinement in Au25 nanoclusters. If the nanocluster sample 
contained many different sizes of nanoclusters, they cause a smoothening and disappearance of 
the specific absorption features observed due to slightly different absorption energies for different 
sizes. The synthetic procedure has been optimized previously to obtain monodisperse nanoclusters 
with atomic precision (through size focusing), 41-43 (see chapter 5 for more details).  Also, when 
excited at 400 nm, water soluble Au25SG18 NCs show an emission feature at ~700 nm (Figure 3-2 
b). This is consistent with the previous steady state emission observed for Au25SG18 NC solutions 
and can be attributed to the lowest lying transition that was observed within the visible 
wavelengths. 
    
 Figure 3-2 Steady state absorption and emission spectra of Au25SG18 nanoclusters in solution 
 
(a) (b) 
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3.4.2 Preparing isolated single nanoclusters on substrate 
             Even though one can assume that Au25SG18 NCs are not aggregated due to dissolution in 
water, there is no confirmation as to whether they are actually isolated from one another. This issue 
becomes critical when it comes to single nanocluster spectroscopy and microscopy as aggregate 
responses could be different from the isolated NCs. Therefore, pH=7.2 solutions and a total of 2-
minute sonication time (in two one-minute sonication steps) were used for dissolving Au25SG18 
NCs. Since 18 glutathione ligands each have two ionizable carboxylic groups (pK1 = 2.12, pK2 = 
3.53), at pH=7.2, we hypothesized that the nanoclusters will form complete negatively charged 
ions on the distant carboxylic ends of the ligands causing coulombic repulsion between single 
nanoclusters to occur (Figure 3-3a). 46 This approach should not only facilitate the complete 
     
Figure 3-3: Isolation of Au25SG18 single nanoclusters in solution and corresponding steady 
state emission spectra at elevated pH values 
 
(a) Schematic of pH control: When moving from pH=5.0 to pH=7.0 solutions, Au25SG18 NCs get 
complete negatively charged spherical environment causing strong inter-nanocluster 
repulsion which should render the isolation of single NCs in solution. Orange color 
corresponds to Au25 NC metal atom cluster, black color – glutathione ligands, red color – 
representative negative charges due to ionization of carboxylic end groups of the glutathione 
(monolayer) ligands. (b) The steady state emission of Au25SG18 gets narrower (shown by blue 
arrow) when moving from pH=5.0 to pH=7.0 solutions consistent with the single nanocluster 
isolation in solution phase.  
(a) (b) 
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dissolution of Au25SG18 NCs in water but it also should ensure that the isolated single nanoclusters 
are prevented from aggregation while they are in solution. 
             Interestingly, as depicted in the Figure 3-3b, when the pH of the solution was changed 
from pH=5.0 to pH= 7.0 the steady state emission spectrum narrows significantly (approximately 
by 100 nm). On the contrary, the two steady state absorption spectra for the two solutions with 
different pH values appear almost the same with about < 10 nm blue shift for the pH=7.0 Au25SG18 
NC solution (see Figure 3-15 in section 3.9). This clearly agrees with our aforementioned 
hypothesis where the Au25 NC aggregation occurring at pH=5.0 causes an increase in the emissive 
densities of states that results in a broader emission spectrum compared to pH=7.0 solution. Since 
the nanocluster steady state absorption is largely affected by its 13-gold atom icosahedral core 
structures, 3 the effect of aggregation in pH=5.0 on absorption appears to be minimal since most 
of the effects of aggregation or close proximity are likely felt only by the surface emissive states 
(except through symmetry).   
3.4.3 Confirming isolated single nanoclusters using STEM/TEM 
              In order to confirm that the TPEF NSOM samples would contain isolated single 
nanoclusters on the substrate, we have conducted scanning transmission electron microscopy 
(STEM/TEM) imaging experiment for Au25 NC solutions (pH=7.2) drop cast on holey-carbon 
copper grids and air-dried for >10 minutes. These solutions were ~85-fold more concentrated than 
the solutions used for spin coating of the samples prepared for the TPEF NSOM experiment which 
will be discussed later (figure 3-6). As can be observed in figure 3-4a and 3-4b, we were able to 
observe isolated single Au25SG18 NCs on the substrate even with very slow evaporation of the 
solvent and at 120 nM concentrations. From the size histogram analysis (figure 3-11) >80% of the 
STEM image features show a diameter of 1.21 ±0.15 nm confirming single Au25 isolated NCs 
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while ~17% features had diameters and shapes consistent with the sizes and shapes of Au25 NC 
        
Figure 3-4: Au25 single nanocluster STEM bright-field (BF) images; drop cast film for ~85-fold 
higher concentration 
(a) STEM (BF) image of Au25 SG18 nanoclusters drop cast on holey-carbon copper grid for 120 nM Au25 
SG18 solution dissolved in pH=7.2 solution. STEM (BF) field of view is 225 nm x 225 nm. Slow drying 
of the sample took >10 minutes. (b) STEM image of the same area with higher resolution. Few single 
nanocluster images are encircled in blue. (c) From the STEM (BF) image size distribution analysis we 
observed >80% of single Au25 nanocluster densities with 1.21 ± 0.15 nm mean diameter; ~17% of 
the TEM features observed were from Au25 nanocluster dimers. <2% of the features correspond to 
Au25 nanocluster trimers. Au25 SG18 nanocluster density ~16,300 nanoclusters/μm2.  Since the 
solutions used for TPEF NSOM sample preparation had ~85 times lower nanocluster concentrations, 
the likelihood of dimer formation can be estimated to be <0.1%. Therefore, it is clear that our 
samples used for TPEF NSOM investigations contained isolated single Au25 nanocluster densities on 
plasma cleaned glass substrate (see supporting information for details). 
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dimers. Only <2% of nanoclusters were forming Au25 NC trimers. This further proves that the 
technique of using pH=7.2 indeed had rendered strong inter-nanocluster repulsion. For the TPEF 
NSOM scans (figure 3-6a) discussed later, we have used 1.4 nM solutions of Au25 NC (pH=7.2) 
which are 85-fold diluted compared to the solutions used for STEM. Therefore, the inter- 
nanocluster collision frequency of 1.4 nM solutions should be reduced by 85 times. This implies 
that for the 1.4 nM concentrations used for spin coating of single nanoclusters on solid substrates 
(figure 3-6a), we should expect <0.1% likelihood for any form of Au25 NC aggregation (see 
supporting information for more details). Also, from our observation of average inter-nanocluster 
distances of ~7.8 nm for 120 nM solutions drop cast on solid substrate, we estimated the average 
inter-nanocluster distances for 1.4 nM solution spin-coated on glass substrate to be around 160 
nm. This infers that the surface density of nanoclusters is 39 nanoclusters/μm2 which agrees well 
with the ~23 nanoclusters/μm2 observed for TPEF NSOM (see figure 3-6 and the supporting 
information in section 3.9). 
The spectroscopic evidence reported in sections 3.4.1, 3.4.2 and the STEM characterization 
indicated above clearly indicate that single Au25SG18 NCs can be isolated in solution through pH 
control. Using these pH=7.2 solutions, we have prepared 1.4 nM solutions of Au25SG18 NCs and 
4 μL volumes were spin-coated using 1400 rpm speeds on plasma cleaned glass cover slips (see 
Section 3.6 for experimental details). Then the samples were oven-dried under vacuum that were 
subsequently used to conduct TPEF NSOM experiments.  
Also, as indicated in the supporting figure 3-16, we have carried out concentration dependent 
AFM studies on Au25 NCs in the absence of pH increase to pH=7.0 which clearly indicates 
evidence of aggregation as the concentration was increased. The feature diameters tend to slightly 
increase while the feature density (i.e. number of AFM features/area) drops dramatically for 
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concentrations above 1.5 nM (see figure 3-17). Therefore, it is clear that in the absence of pH-
induced disassembly we indeed do see Au25 NC aggregation (while the STEM scans for pH-
induced disassembly demonstrates the isolation of Au25 NCs in to single nanoclusters). 
 
 3.4.4 TPEF NSOM experiments on isolated Au25 nanoclusters 
             As depicted in Figure 3-5a and 3-5b, we used a femtosecond pulsed laser with 810 nm 
excitation wavelength coupled to a single mode optical fiber for TPEF NSOM. The aperture 
diameter of the probe used for the current NSOM study is ~40 nm (See supporting information for 
SEM). Average near-field excitation powers used were ~600 μW. Highest TPEF NSOM counts 
observed were on the order of 30,000 cps. TPEF NSOM scans were conducted with 10 nm pixel 
 
                  
 Figure 3-5: TPEF NSOM of Au25 single nanoclusters and the experimental set up  
 
 (a) 810 nm femtosecond output from the Mai Tai is coupled to a single mode optical fiber. (M1 
through M6 are reflective mirrors, I1: iris, C1 and C2: collimating lenses, NDF: neutral density filter, 
FOC: fiber optic coupler, SMOF: Single mode optical fiber) (b) near-filed illumination geometry inside 
the NSOM (Tip-sample distance <<<λ).  
(a) (b) 
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sizes and 36 ms bin times. From the intensity dependent TPEF NSOM scans we confirmed the 
quadratic dependence of NSOM fluorescence intensity on incident background counts (figure 3-
      
 
  
Figure 3-6: TPEF NSOM of Au25 single nanoclusters for samples prepared using 1.4 nM and 
12.0 nM solutions 
 (a) TPEF NSOM image of Au25SG18 single nanocluster concentrations (by spin-coating 1.4 nM solution 
on plasma cleaned glass). TPEF NSOM feature density is ~23 features/μm2. TPEF counts observed for 
the highest intensity feature was ~25,000 cps for ~625 μW near-field excitation. (b) Plot of 
fluorescence intensity versus incident background intensity. The quadratic dependence proves TPEF 
response from the NSOM fluorescence. (c) TPEF NSOM image for a sample prepared by spin-coating 
12.0 nM Au25 solutions. 
(a) 
(b) 
(c) 
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6b): A corresponding slope for the log-log plot was ~1.77 which is nearly quadratic (The TPEF 
NSOM response was reproduced for three different Au25SG18 NCs samples using the same sample 
preparation procedure). The TPEF NSOM feature density was ~23 nanoclusters/μm2 which agrees 
well with the estimated isolated single nanocluster densities (39 nanoclusters/μm2) derived from  
STEM/TEM data shown earlier. From the calculations in section 3.4.3, it can be concluded that 
the samples used for TPEF NSOM investigations indicated in figure 3-6 had isolated single Au25 
NCs on plasma cleaned glass substrates separated by ~160 nm distances, which is much larger 
than the NSOM tip diameter ~40 nm. This indicates that with our sample preparation conditions 
we can be confident that, on average, near-field two-photon excitation was localized on single 
isolated nanoclusters. To our knowledge this is the first report of isolated single nanocluster TPEF 
NSOM. Additionally, our report of Au25 single nanocluster investigations serve as the first report 
of any room temperature monolayer protected stable single nanocluster smaller than Au55 
investigated in detail using any technique. 19 As mentioned earlier, Ag NCs show relatively low 
chemical stability while Cu NCs were not reported to show significantly high TPA cross sections. 
Therefore, it is clear that according to our current work, monolayer protected Au25 NCs 
demonstrate their high optical stability and unusual optical properties when they are isolated from 
the ensemble. This puts protected Au25 NCs in a unique position for their unusual material and 
optical properties that are not collectively present in other noble metal nanoclusters (i.e. in Ag NCs 
and Au NCs).  
Also, the approach of isolating single nanoclusters right at the beginning of dissolution 
allows one not to rely too much on other single molecule confirmatory techniques such as 
fluorescence blinking which could occur from more than a single nanocluster due to inter-
chromophore energy transfer processes.47 Additionally, as can be observed in figure 3-6a, certain 
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TPEF NSOM features are separated by <50 nm distances (as expected for a population of inter-
nanocluster distances). This confirms that our TPEF NSOM excitation was able to excite 
individual nanoclusters even when they are separated by several tens-of-nanometer distances. 
 In order to understand the effect of concentration on TPEF NSOM feature density, we can 
compare the current data with the TPEF NSOM data obtained for a single nanocluster sample 
(figure 3-6c) prepared using 12.0 nM Au25(PET)18 solutions (PET= SCH2CH2Ph). The solution 
was sonicated for 1 and a half minutes prior to spin coating using the same conditions as before. 
As depicted in figure 3-6c, most of the TPEF NSOM features observed seem to be larger (in the 
x-y plane) than the NSOM tip diameter (~40 nm). This is due to the individual nanoclusters being 
in close proximity to one another on the substrate due to inter-nanocluster spacing that are smaller 
than the NSOM tip diameter and having many such single nanoclusters in one field of view (hence 
elongated TPEF NSOM features). Using the STEM data depicted above, we calculated the 
expected nanocluster density of the 12.0 nM sample to be ~ 334 nanoclusters/μm2 and the average 
inter-nanocluster distance to be ~55 nm. This indicates that in a field of view of concern, some of 
the nanoclusters could have inter-nanocluster distances that are smaller than the NSOM tip 
diameter causing the TPEF NSOM features to overlap and form larger or elongated features (as 
can be predicted from figure 3-6a where inter-nanocluster distances <50 nm were observed when 
the average inter-nanocluster distance is ~160 nm). Therefore, our experimental evidence is 
consistent with the picture that for 1.4 nM samples depicted in figure 3-6a, the TPEF NSOM 
features observed were indeed originated from isolated single nanoclusters excited individually by 
TPEF NSOM. 
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3.4.5 Enhanced two-photon absorption (TPA) cross section 
              Since it is clear that we have isolated single Au25 NC TPEF NSOM, two-photon absorption 
(TPA) cross section can be estimated for single Au25 NCs from the NSOM fluorescence intensity 
observed. As can be seen in figure 3-7a, the TPA cross section histogram for the 23 features 
indicated a somewhat non-Gaussian distribution. The average TPA cross section calculated (δsolid 
= 6.99 x 105 GM) appears to be enhanced by ~64% compared to the solution phase counterpart. 
This completely unexpected enhancement in TPA cross section deserves further understanding.  
Since the two-photon absorption cross section is a third-order nonlinear optical property 
(imaginary part of χ3) the enhanced δsolid value observed can be attributed to a local field 
enhancement due to changes in the refractive indices. On solid glass cover slips, it can be assumed 
that Au25 NCs are surrounded mainly by air (n~1.00). The solvent dielectric environment reported 
         
 
Figure 3-7: TPA cross section enhanced for Au25 single nanoclusters on plasma-cleaned glass 
substrate (a)Intensity histogram for 23 TPEF NSOM features and corresponding TPA cross sections. 
The average TPA cross section is enhanced on solid phase compared to solution phase counterpart.  
(b) A 3-dimensional presentation of a TPEF NSOM image for quantum-confined single Au25SG18 
nanoclusters. 
(a) (b) 
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by Ramakrishna et al15 (for hexane n=1.375), has a higher refractive index. It can be inferred that 
a local field enhancement in χ3 caused an enhanced δsolid value. Interestingly, a similar 
enhancement of χ3 (real component) was reported by Wang et al 48 for nanometer-sized CdS 
clusters. 
To interpret the enhancement observed, the two-photon absorption process with respect to 
a two-level approximation can be considered. 49 It is clear that there is an enhancement in the 
difference between the dipole moments of the excited state with respect to the ground state Δμ10 
(~33%) when the nanoclusters were placed on the solid substrate (see supporting information). 
This additional enhancement (that can not be explained by changes in the refractive indices) can 
be attributed to a local-field induced dipole moment change due to a change in polarizability of 
the excited state with respect to the ground state. 50, 51 A similar enhancement of Δμ10 in the electric-
field-sensitive protein mCherry was previously reported by Rebane and coworkers. 52 This implies 
that local field effects on single Au25 NCs are enhancing the TPA cross sections improving their 
sensitivity to the environment.  
 In order to further understand this effect, we have utilized models related to the few-atom 
local-field enhancement predicted for “magic” number systems 53 and local field induced 
microscopic cascading (LFIMC) effects54-57 on the third order nonlinear response. Interestingly, 
from our calculations we obtain enhancement factors ranging from 1.5 to 10 for Au25 NC systems! 
From previous theoretical and experimental work by Bloembergen and coworkers, 54 and Boyd 
and coworkers, 55, 56 it has been demonstrated that the local-field effects can create cascaded 
contributions of the second order polarization to the third order susceptibility. Interestingly, 
Kaplan and Volkov have theoretically predicted that nanoscale (near-field) local-field 
enhancement effects may be possible for certain “magic” numbered 1D or 2D systems such as 
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quantum clusters.53 We think our observation of enhanced TPA cross section for Au25 NCs serves 
as the first such experimental evidence of a material that shows few-atom local-field enhancement 
induced nonlinear cascading predicted for quantum cluster systems. Further investigations on Au25 
NC nonlinear optical properties may reveal a more detailed picture of this effect. Therefore, as 
indicated by Boyd 56 and Volkov, 53 our results suggest that Au25 NCs can potentially be used as 
chromophores in ultrasensitive biosensing, molecular computers and molecular logic.  
 
3.4.6 Superior point resolution for aperture-based TPEF NSOM 
As shown in figure 3-8, the lateral point resolution is significantly better than the typical 
resolution for confocal fluorescence microscopy (~200 nm)58 and previously reported TPEF 
NSOM resolution of 175 nm for Rhodamine B single molecules. 35 For TPEF NSOM feature 
with S/N ~ 7, the point resolution observed was ~30 nm (~λ/27) which is a 5-fold improvement 
in point resolution for the same technique (see supporting information for the Gaussian fitting 
of data without smoothening). Moreover, it could be argued that the TPEF NSOM point 
resolution observed is better than the probe diameter (~40 nm) which can be attributed to the 
intensity dependence of TPEF NSOM that reduces the size of the excitation point spread 
function compared to its one-photon counterpart. Therefore, with the point resolution around 
several tens of nanometers obtained from the current approach, we were able to excite and 
interrogate isolated nanoclusters one at a time (on the solid substrate). Also, the fact that we 
were able to observe a point resolution (30 nm) 5-fold better than the previous resolution (~175 
nm) for the same aperture-based TPEF NSOM technique can be attributed to the unusually 
large TPA cross section of these isolated single nanoclusters and their high photostability 
compared to many organic chromophores. 
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3.5 Conclusion of single nanocluster TPEF NSOM investigations 
        It is clear that an enhanced TPA cross section of Au25 NCs due to local field effects 
and their high photostability under two-photon near-field excitation were revealed while 
interrogating them using aperture-based TPEF NSOM. We attribute the unusually enhanced TPA 
cross section of isolated single nanoclusters to few-atom local-field enhancement predicted for 
“magic” number systems that may possess enhancement factors up to 10 for Au25! The superior 
resolution observed was otherwise not possible with typical organic chromophores. Therefore, we 
can state that we have employed (and unveiled) the unique properties of these quantum confined 
 
 Figure 3-8: TPEF NSOM point resolution reaches 30 nm with Au25 clusters 
Comparison between transverse point resolution attainable with confocal fluorescence microscopy, 
previous aperture-based TPEF NSOM, and with the current approach. The point resolution 43±7 nm 
(~19) FWHM for TPEF NSOM of Au25SG18 single nanoclusters (blue) in the current work (from a 
feature with S/N ~ 7) evidently surpasses the previously observed value. Also, the point resolution 
without averaging adjacent points (without smoothening) produce 30±5 nm (~27) resolution for the 
same image which is greater than 5-fold improvement for the aperture-based TPEF NSOM technique. 
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nanocluster materials while optically detecting and investigating them (or any nanocluster) for the 
first time at single nanocluster concentrations. 
 In summary, with the adoption of unique optical properties of an emergent nanomaterial 
(Gold NCs) and using high-resolution non-linear near-field microscopy (TPEF NSOM), we have 
optically interrogated single isolated gold nanoclusters of ~1.2 nm diameter. According to our 
knowledge, the point resolution reported (~30 nm) in this study is the best observed for the 
aperture-based TPEF NSOM imaging (5-fold improvement) that have rendered two-photon 
excitation of individual nanoclusters that are separated by <50 nm distances. Furthermore, as 
confirmed in this work, the ability to obtain isolated NCs in solution and on solid substrate 
introduces a method to unambiguously control and confirm the single-molecule-nature of the 
experiment which can also be utilized in many similar glutathione capped single 
nanoparticle/nanocluster studies. The observed enhancement (64%) in the average two-photon 
absorption cross section (when the NCs were moved from solution ensemble to isolated single 
NCs) can be attributed to the few-atom local-field enhancement effects. Also, the heterogeneity 
and the asymmetry of the observed distribution in two-photon cross section indicates possible 
heterogeneous distribution of local field strengths. 
   Current approach of employing the unusually large TPA cross sections and photo 
stability of single 25-gold atom nanoclusters in TPEF NSOM can be used for future single 
nanocluster investigations. Additionally, TPEF of these nanoclusters can potentially be used in 
ultrasensitive sensing of local fields to probe their local nano-environments. Therefore, this study 
indicates that Au25 single nanoclusters may be used in sensing of biological systems (e.g. proteins) 
that can render nano-environments with varying local fields. For example, in Alzheimer’s disease, 
the formation of certain Amyloid beta aggregates are induced by the presence of increased metal 
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ion concentrations. 59- 62 Since local accumulation of metal ions can cause enhanced local electric 
fields, TPEF imaging using Au25 NCs can be a promising approach to diagnose early onset of 
diseases such as Alzheimer’s. Therefore, Au25 nanoclusters, along with their local field sensitive 
two-photon response (and the use of more biologically transparent two photon excitation 
wavelengths) are promising candidates for imaging and diagnostics of biological tissues. Our 
recent studies clearly suggest that the Au25 NCs can be inserted into biological cells without any 
apparent toxicity and can be used subsequently in cellular imaging applications. 62 Also we were 
able to observe accelerated damage of cells when cell-inserted Au25 NCs were excited using laser 
irradiation indicating the potential to use them in cancer cell therapy. 
 
3.6 Experimental section 
3.6.1 Synthesis of Au25SG18  
The Au25 capped with glutathione (SG) was synthesized in two steps as follows. 
3.6.1  (a) Synthesis of AunSGm Clusters:  
  A 0.1698 g portion of HAuCl4 was dissolved in 100 ml of Methanol and stirred at 0 °C (ice 
bath) for 15 minutes. Following the dissolution (and cooling) step, 0.614 g of GSH (glutathione) 
was added to the mixture and the reaction was left to proceed (while stirring) for another 30 
minutes. Subsequently, 0.1891 g NaBH4 was dissolved in 25 ml water and added drop wise in 
to the reaction mixture. The reaction was further run for another 1 hr. All of the aforementioned 
steps were condcuted in a 0 °C ice bath. After the reaction with NaBH4 was complete (i.e. after 
1 hr), the resulting reaction mixture was centrifuged and the precipitate was washed 3 times 
with Methanol (vortex, sonicate and then centrifuge) followed by drying in the vacuum at room 
temperature. 
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3.6.1 (b) Etching of AunSGm clusters to obtain monodisperse Au25SG18 nanoclusters:  
  The resulting AunSGm clusters (82 mg) were dissolved in 7 ml water and heated in a water 
bath at 55 °C followed by the addition of a 132 mg portion of GSH. (Water bath was set at least 
an hour prior to the beginning of the experiment and the temperature was set at 55 °C which 
was maintained throughout the experiment). The reaction was stirred slowly (~300-400 rpm; 
not faster than that) for 4 hr. Then the reaction mixture was centrifuged followed by discarding 
of the precipitate. The resulting supernatant was transferred to a new centrifuge tube followed 
by the addition of 2-3 ml of Ethanol to precipitate Au25SG18 nanoclusters. This preciptate was 
further purified 3 times by dissolution (by water) and precipitation (by Ethanol) cycles to obtain 
monodisperse Au25SG18 nanoclusters. Then the solid nanocluster sample was dried in vacuum 
at room temperature which was subsequently stored in the freezer. We used milipore grade 
water for all of our synthesis and purification steps. Also all of the solvents used were of 
spectroscopic grade (or better). All of our glassware were cleaned in a base bath for 24 hours 
followed by rinsing with milipore water and oven drying for 12 hours before being used. 
 
3.6.2 Sample preparation for TPEF NSOM 
Au25SG18 nanoclusters were dissolved in pH=7.2 water and filtered using 220 nm-pore 
PTFE filters to remove undissolved large aggregates. Then, the solutions were sonicated for 1 
minute to dissolve any aggregated clusters. Then the solutions were diluted (in a series of dilutions) 
to obtain 1.4 nM concentrations of Au25SG18 nanoclusters. Subsequently, following another 1-
minute sonication time, and a filtering step (using 220 nm-pore PTFE filters), a 4 μL volume of 
the solution (using a calibrated micropipette) was spin-coated on a plasma cleaned glass substrate 
at 1400 rpm for 40 seconds. Then the resulting glass substrates were vacuum dried under ~10 inHg 
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at 40 0C for 2.5 hours. The dried and cooled (to room temperature under vacuum) samples were 
then used for TPEF NSOM imaging and spectroscopy. 
3.6.3 TPEF NSOM experiment 
A Mai Tai femtosecond laser source with a repetition rate of 80 MHz was used for the 
excitation (see figure 3). Pulses of ~ 110 fs (FWHM) at 810 nm were coupled to a single mode 
optical fiber (maximum throughput at ~ 780 nm) and the tapered end of the optical fiber serves as 
the local excitation source for the NSOM set-up (Mo Scan NSOM set up by CDP systems, see ref 
63 for previous work with the set up). Near-field illumination of the sample generates the two-
photon excited fluorescence (TPEF) from single gold nanoclusters. Raster scanning of the 1 um x 
1 um areas with 10 nm pixels at 36 milliseconds bin times generated TPEF NSOM images.  The 
fluorescence emission of the single gold nanoclusters and transmitted 810 nm photons were 
collected using a far-field inverted objective and transferred through a fiber optic cable to a 
photomultiplier tube (PMT). As shown in figure 3(d), the transmitted 810 nm light is sent through 
a filter housing and attenuated using a two 808 nm notch filters and a short-pass filter. Thus, the 
anti-stokes shifted TPEF can be detected (in the visible region) with sufficient intensities for single 
molecule imaging. The TPEF NSOM intensities were analyzed using FemtoScan Online software 
and the Gaussian fits for TPEF NSOM point resolution were obtained using Origin 7 fitting 
software. The final TPEF NSOM scans were displayed using ImageJ software. 
 
3.6.4 STEM characterization 
Au25SG18 nanoclusters were dissolved in pH=7.2 water and filtered using 220 nm-pore 
PTFE filters to remove undissolved large aggregates. Then, the solutions were sonicated for 1 
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minute to dissolve any aggregated clusters. Then the solutions were diluted to obtain 120 nM 
concentrations of Au25SG18 nanoclusters. Subsequently, following another filtering step (using 220 
nm-pore PTFE filters) a 1 uL volume of the solution (using a calibrated micropipette) was drop-
cast on 200 mesh Holey Carbon copper grid and dried in air for > 10 minutes. The copper grids 
were purchased from SPI supplies and were used as it is. Subsequently, the samples were 
characterized using STEM with JEM-2100F electron microscope with a CEOS probe corrector. 
The size distribution histograms were analyzed using ImageJ software. 
3.7 TPEF NSOM imaging of monolayer protected Au25 nanocluster aggregates on a solid 
substrate 
 As discussed in the introduction of the paper, monolayer protected Au25 nanoclusters were 
shown to possess unusual chemical stability 44 and remarkable optical properties 11-15 in solution 
phase. In the preceding decade Goodson group 11-15, 39 pioneered in the investigation of solution 
phase nonlinear optical properties of noble metal nanocluster ensembles. The observation of 
unusually large two-photon absorption cross sections in solution phase for Au nanoclusters and 
the highest per atom cross section for Au25 (~17000 GM)
15 were reported by our group in 2008. 
However, no reports were made on how the TPEF properties of these Au25 nanoclusters vary when 
they are removed from solution ensembles. In the previous part of my dissertation work, my goal 
was to remove these nanoclusters from the solution phase ensemble and deposit them as individual 
nanoclusters on solid substrates to study their two-photon excited fluorescence (TPEF) using a 
sub-diffraction imaging technique, namely, near-field scanning optical microscopy (NSOM). By 
doing so I hoped to uncover hitherto unobserved fundamental physical/optical properties of these 
materials which were discussed earlier. In this section I would like to describe the TPEF NSOM 
observations that were made for small (~100 nm diameter) and large (~1000 nm diameter) 
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aggregates preceding single nanocluster investigations and the physical insights that followed. 
 
             In order to be able to ensure that TPEF NSOM is possible for solid phase Au25 
nanoclusters, the first step was to study them as aggregates. Therefore, I have drop caste 20 μL 
volumes of 5 μM Au25 nanoclusters on to freshly cleaved mica cover slides. Due to high surface 
energies of the substrates, the solution (dissolved in water) spreads rapidly on the substrate surface 
and formed various sizes of aggregates. As shown in figure 3-9, I was able to obtain TPEF NSOM 
images for nanocluster aggregates that are about ~1 μm wide and less than 100 nm thick. It is clear 
that the TPEF NSOM signal from these nanoclusters were significant. As can be observed in the 
figure 3-9, the TPEF intensity was not necessarily correlating with the size/thickness of the 
aggregate as some of the features of the same thickness tend not to be as brightly fluorescent as 
others upon two-photon near field excitation. This inhomogeneity in TPEF NSOM response 
became more significant as smaller aggregates were investigated. 
   
Figure 3-9 TPEF NSOM of large Au25 aggregates (~1000 nm diameter) 
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When the solutions were diluted to obtain ~500 nM solutions of Au25 nanoclusters and 
drop caste on freshly cleaved mica (20 μL), smaller aggregates formed. As depicted in figure 3-
10, it is clear that the smallest nanocluster aggregate was about ~100 nm in diameter and ~20 nm 
in thickness (A) displayed TPEF NSOM while a relatively thicker (C) aggregate (~ 30 nm 
thickness) did not show any TPEF. This clearly indicates that the inter-nanocluster distances or 
packing were playing a major role in either enhancing or quenching of the nanocluster two-photon 
excited fluorescence. In a recent paper on nanocluster ensemble films, our group was able to 
conclude that for average inter-nanocluster distance < 8 nm there is an inter-nanocluster dipole 
coupling which gave rise to an enhancement in two-photon absorption cross section. 36 Also, for 
average distances < 8 nm inter-nanocluster energy transfer causes an increase in emission, while a 
lowering of emission was observed for average distances > 8 nm. Interestingly, the observed TPEF 
NSOM for smaller aggregates indicate that the inter-nanocluster effects are not invariably 
observed for all aggregates and can differ from aggregate to aggregate (i.e. while some aggregates 
are TPEF active the others of similar external dimensions were not). The per-cluster two-photon 
absorption cross section observed for the aggregate A is 4.4 times weaker than that of isolated 
single nanoclusters on solid. This observation clearly indicates that the proximity of nanoclusters 
to one another is possibly causing coupling of their excitation dipoles veiling the quantum 
confinement effects of the nanoclusters. This is likely due to the broadening of the density of states 
(DOS) in the film/aggregate causing a reduction in the volume normalized oscillator strength 
(f12/V). Also, our current observation could be explained by the few-cluster local field 
enhancement effects for Au25 nanocluster aggregates. 
53-57 
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Figure 3-10 TPEF NSOM of small Au25 aggregates (~150 nm diameter) 
 
As theoretically predicted by Kaplan and Volkov, since the inter-nanocluster arrangement 
in an aggregate can also cause either enhancement or quenching of local field effects, certain 
aggregates that were formed seem to possess such disruptions of “magic number arrangements” 
of Au25 nanoclusters (at a much longer distance than discussed before). 
53 This should result in 
reduced two-photon absorption which in turn causes a quenching/reduction of TPEF NSOM 
response. In an ensemble study of films one may not be able to gain this insight as the optical 
response is averaged over millions of nanoclusters shrouding the localized effects of nanocluster 
arrangement in the film. Therefore, our current observation of aggregate TPEF NSOM also 
warrants the use of NSOM as a very powerful technique for learning finer details of quantum 
cluster arrangement and their optical properties in the nanoscale.  
It must also be noted that the near-fields generated by nanocluster excitations can be 
mutually enhanced or quenched depending on the relative arrangement of the nanoclusters in 
space, their inter-nanocluster distances and the actual number of nanoclusters involved in a 
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nanocluster lattice. This observation can be understood as having a standing wave involving all 
nanocluster excitations of the lattice/structure (e.g. 1D, 2D or 3D array of nanoclusters) where 
all/most of the antinodes of the localized excitation spatially overlap with all/most of the 
nanoclusters, enhancing the two-photon absorption cross section of each nanocluster. This idea 
can be further extended to covalently linked cluster arrays to produce fine-tuned inter-nanocluster 
distances and specific number of nanoclusters in an array to produce orders of magnitude stronger 
two photon absorption cross sections via enhanced local field effects! 
The TPEF NSOM observed for Au25 nanocluster aggregates further justifies the need to 
study the isolated Au25 nanoclusters to gain a more fundamental physical understanding of their 
quantum confinement effects on solid substrate. Once the nanoclusters are removed from 
ensemble/aggregates and placed at average distances > 50 nm, their nonlinear optical properties 
should not be affected by neighboring nanoclusters. Compared to aggregate studies, isolated 
nanocluster investigations eliminate the inter-nanocluster events (dipole coupling, energy transfer) 
and reveal the behavior of just 25-gold atom clusters under two-photon excitation allowing for a 
much clearer and quantitative understanding of the photo-physics of these quantum confined 
systems.  
With that in mind I started to use much lower nanocluster concentrations (0.75 nM) for 
sample preparation of nanoclusters with a pH adjustment to ensure that isolated single 25-gold 
clusters are obtained in solution. Then, the isolated single nanoclusters were deposited on the 
substrate and investigated using TPEF NSOM. As indicated in the previous sections, I was able to 
gain some unexpected and fascinating insights as to how the two-photon properties of isolated 
Au25 quantum clusters vary from solution phase and aggregate level ensembles revealing some 
unique and fundamental physics of these systems. 
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3.8 Overall conclusion  
We reported the first optical interrogation of the quantum confined monolayer protected 
single nanoclusters on solid revealing enhanced two-photon absorption cross sections for isolated 
single nanoclusters. This clearly differs from the TPEF NSOM of Au25 NCs aggregates studied in 
section 3.7 where inter-nanocluster interactions significantly alter the optical response of quantum 
confined nanoclusters. Therefore, our single nanocluster TPEF NSOM results are the first optical 
confirmation observed of quantum confinement in monolayer protected single gold nanoclusters 
on solid substrate. When studied as isolated single nanoclusters that are separated by average 
distances ~160 nm, Au25 NCs demonstrated unexpectedly enhanced two-photon absorption (TPA) 
cross sections. This indicates when the Au25 NCs were removed from solution ensemble and placed 
on solid substrates and studied using near-field two-photon excitation, local field enhancement had 
caused an enhancement in TPA cross section. According to our knowledge, this is the first 
observation of a few-atom local field enhancement observed, which was theoretically predicted 
for “magic” numbered clusters/dots.53 Also, the enhancement in two-photon absorption cross 
section can be attributed to local-filed induced microscopic cascading (LFIMC) of the second 
order polarizability on to the third order susceptibility.54-57 However, it must be noted that further 
investigations on LFIMC of Au25 will be able to add more details and understanding of the physical 
mechanism of this effect. Interestingly, due to the presence of LFIMC, Au25 NCs can be potentially 
utilized in biosensing and molecular computing applications.53-57 
Alternatively, by using a model where two-photon absorption occurs via a two-level 
system, I was able to determine the possibility of electric field sensing of these isolated single 
nanoclusters when TPEF excitation is used. Since some two-photon fluorescent proteins were 
reported for such electric field sensing ability, the actual mechanism of enhancement may also be 
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explained using possible local electric fields.49-52 However, the reasons for the presence of such 
electric fields on a plasma cleaned substrate are not clear. It is possible that the electric field-
gradient arising from the optical near-field excitation may be causing the enhancement in this 
instance. 64 
 When compared to isolated Au25 single nanocluster two-photon absorption cross section 
(0.69 x 106 GM), the per-cluster TPEF response for Au25 aggregate was weaker at least by a factor 
of 4.4. This decrease in two-photon absorption cross section can be attributed to inter-nanocluster 
interactions that could be veiling the quantum confinement effects present in these systems. The 
local field effects exerted by neighboring nanoclusters may be reducing the two-photon absorption 
cross section of these materials. Since the TPEF response for certain other aggregates did not give 
observable TPEF NSOM responses, I think that the inter-nanocluster distance and the geometry of 
the nanocluster packing in an aggregate should be playing a crucial role in either enhancing or 
quenching the two-photon absorption effects. This phenomenon was predicted by Kaplan and 
Volkov 53 from a different perspective indicating that certain magic number arrangements of 
systems can give either enhanced or reduced local electric fields. Since these quantum cluster 
systems possess relatively large number of valence electrons, and their atomic arrangement and 
arrangement in aggregates can form “magic number systems”, I think that their local field effects 
could be able to explain the observations described above. This in turn opens up another possibility 
to be tested in the field of nanocluster arrays. If ideal inter-nanocluster distances for local field 
enhancements of adjacent nanoclusters can be found (e.g. nanoclusters connected via covalent 
bonds), one may be able to enhance the two-photon absorption cross section by at least an order 
of magnitude (or more)! Therefore, through the investigations of Au25 aggregate TPEF NSOM 
response, I was able to unveil the possible roles played by inter-nanocluster interactions in 
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nanocluster ensembles and their ability to hide the native effects of isolated single elemental 
nanoclusters. Therefore, it is clear that when I was able to remove the nanoclusters from the 
nanocluster aggregates, a significant enhancement in two-photon absorption cross section is 
observed likely due to the removal of inter-nanocluster interactions while giving rise to the local 
field enhancement from the magic cluster itself resulting in an enhanced two-photon absorption 
cross section.  
The local field enhanced two-photon absorption observed for TPEF NSOM of isolated 
single Au25 NCs clearly indicates the possibility of using these materials in exciting applications 
such as biosensing, molecular computing and molecular logic. Also, due to the very small size of 
these nanoclusters (~1.2 nm diameter) they are strong candidates for use in < 10 nm 
semiconductors/transistors. Author feels that as metal oxide based semiconductors suffer heat 
related problems with current flow below 10 nm dimensions, if the local field induced excitons (a 
form of standing wave called locsitons occurring due to spatial arrangement of atoms/nanoclusters) 
can be adopted, next generation molecular transistors or literally nano-sized computers may come 
from these quantum-confined noble metal nanoclusters or nanocluster arrays aligned/connected 
with specific geometries! 
3.9 Supporting information 
 
3.9.1: Two-photon excited fluorescence (TPEF) near-field scanning optical microscopy 
(NSOM) 
As indicated in figure 3-6 of the main text we were able to obtain TPEF NSOM for 1.4 nM 
solutions spin-coated on plasma cleaned glass substrates. The quadratic dependence of NSOM 
counts on background counts proves a nonlinear photoexcitation that is giving rise to the NSOM 
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fluorescence signal. Another TPEF NSOM image and its corresponding quadratic dependence on 
fluorescence is shown in figure 3-11. The sample preparation conditions were the same as that was 
used for the TPEF NSOM samples mentioned in the main text indicating that for Au25SG18 the 
TPEF NSOM signal is obtained reproducibly. The log-log plot for the image in the figure 3-11 
shows a slope of ~1.65. 
 
3.9.2 STEM image size distribution analysis and the estimation of nanocluster density for 
the samples used for single nanocluster TPEF NSOM 
As indicated in the experimental section, STEM imaging was conducted on 120 nM solutions 
(pH=7.2) of Au25SG18 drop cast (1 μL) on Holey carbon copper grids. The sample was left in air 
for >10 minutes for drying. Subsequently, the STEM imaging was conducted using a JEM-2100F 
  
Figure 3-11: TPEF NSOM of Au25 single nanoclusters and quadratic dependence  
 
 (a) TPEF NSOM image of Au25SG18 single nanocluster concentrations (by spin-coating 1.4 nM solution 
on plasma cleaned glass). This was another sample prepared using the same conditions (volume, 
plasma cleaned glass and) as the sample presented in figure 3 of the main text. TPEF NSOM feature 
density was again ~20 features/μm2 consistent with other TPEF NSOM images observed. TPEF counts 
observed for the highest intensity feature was ~25,000 cps for ~600 μW near-field excitation. (b) Plot 
of fluorescence intensity versus incident background intensity. The quadratic dependence proves 
TPEF response from the NSOM fluorescence.   
(a) (b) 
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electron microscope with a CEOS probe corrector. As was depicted in figure 3-4 of the main text, 
isolated single nanoclusters were observed with >80% abundance indicating that single 
nanoclusters are indeed isolated on the surface even if the conditions (concentration and drying 
duration) are highly favorable for aggregation. As depicted in figure 3-12, we were able to identify 
three different sizes for STEM imaging size distribution analysis. It is clear that only < 20% of 
nanoclusters were forming multimers (aggregates) and no features were present larger than ~3.6 
nm. This clearly justifies the use of pH=7.2 for dissolution and disassembly of Au25SG18 
nanoclusters into isolated single nanoclusters in solution. Also, it can be inferred that the 
aggregation have resulted from the inter-nanocluster encounters while the solvent was drying. 
Therefore, as shown in 3.9.2(a), we can calculate the number of inter-nanocluster collisions 
possible while the solvent is evaporating.  
 
 
Figure 3-12: STEM analysis of Au25SG18 nanoclusters for 120 nM solution drop cast and 
air-dried on solid substrate 
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3.9.2 (a). Calculating the time between inter-nanocluster collisions and the number of inter-
nanocluster encounters while the solvent drying 
 
First, diffusion coefficient for the Au25 nanocluster motion in solution can be calculated as 
follows. 
𝐷  =    
𝑘𝑇
6𝜋𝜂𝑟
  ------- (5) 
 
D – Diffusion coefficient 
k- Boltzmann constant (1.38x 10-23 JK-1) 
T – Absolute temperature (K) 
𝜂 – Viscosity (1.0 cP= 1.0x10-3 Pa.s, for Water at 298 K) 
r- radius of a Au25 nanocluster (~1.0 nm with the ligand) 
 
By substituting the known values for equation 5, 
𝐷  =    
1.38∗10−23∗298 
6𝜋∗1.0∗10−3∗1.0∗10−9
  ------- (5) 
 
D = 2.21 x 10 -10 m2s-1 (2.21 x 10-6 cm2s-1) 
 
For a bi-molecular encounter, the Arrhenius constant (Adiff) for collisions, 
 
A(diff) =    
4𝜋(𝑟+𝑟)(𝐷+𝐷)𝑁
1000
  ------- (6) 
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r-radius of a nanocluster 
D –Diffusion coefficient (calculated from equation 5, 2.21 x 10-6 cm2s-1) 
N – Avogadro number (6.022 x 1023 mol-1) 
 
By substituting for equation 6, 
 
A(diff) =    
4𝜋∗(1.0+1.0)∗10−7∗(2.21+2.21)∗10−6∗6.022∗1023
1000
  ------- (6) 
A(diff) = 0.767 x 1010 M-1s-1 
 
Since this is equal to the second order rate constant (due to zero activation barrier for 
diffusion controlled motion at 298 K) one can calculate the rate of collisional encounters for 
the given concentrations as a pseudo first order rate constant (k’) by multiplying with the 
Au25 concentration (C =120 nM). 
 
Therefore, Rate = k’C 
Rate = 0.767 x 1010 M-1s-1 x 120 x 10-9 M 
Rate of inter-cluster collisions = 920 s-1 
Therefore, since the drying time is ~ 10 minutes (~ 600 s) the average number of 
collisions while the solvent is drying ~ 920 s-1 x 600 s ~ 552,000 ~ 0.55 million collisions. 
3.9.2 (b). Calculating the high probability (>99.9%) of obtaining isolated single 
nanoclusters on the plasma cleaned glass substrates for 1.4 nM solutions 
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As determined in the previous section, the number of inter-nanocluster collisions while the solvent 
is evaporating ~ 0.55 x 106  
Since the number of collisions is directly proportional to the nanocluster encounters and 
aggregation, we can state that the <20% aggregation observed for the 120 nM solution of Au25SG18 
nanoclusters is proportional to the 0.55 million collisions that have taken place while the solvent 
was drying. However, for the preparation of TPEF NSOM samples we used spin-coating which 
causes the solvent to evaporate rapidly. Subsequently, a vacuum of 10 inHg is applied expediting 
the evaporation of any left-over solvent. At the same time, for TPEF NSOM we have used ~85-
fold diluted Au25SG18 nanocluster solutions causing the collision frequency to be reduced ~85-fold 
(new collision frequency ~11 s-1). Therefore, assuming that solvent evaporation is complete within 
the duration of spin-coating and application of vacuum (<200 s) the number of possible inter-
nanocluster collisions are as follows. 
Number of inter-nanocluster collisions ~ 11 s-1 x 200 s ~ 2200 collisions 
Therefore, we can calculate the likelihood of aggregation for the 1.4 nM sample used for TPEF 
NSOM. 
0.55 x 106 collisions α 20 % aggregation --- (1) 
2200 collisions α x % aggregation ---         (2) 
Therefore, the likelihood of aggregation = 20 x 2200/ 0.55 x 106 
     x      = 0.08 % 
Therefore, it is clear that the likelihood of obtaining isolated single nanoclusters on the plasma 
cleaned glass substrate is >99.9%. 
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3.9.2 (c). Calculating the average inter-nanocluster distances for the TPEF NSOM sample 
From the analysis of figure 3-5(b) we were able to find that there were ~80 nanoclusters on the 
substrate within a ~70 nm x ~70 nm field of view (when all nanoclusters, i.e., single 
nanoclusters, dimers and trimers were taken in to account).  
This gives us an average nanocluster density of, 80/(0.07 x 0.07) per μm2  
~ 16,300 nanoclusters/μm2 
We can approximate the nanocluster distribution on the substrate to a 2-D lattice with the 
average shortest inter-nanocluster distance to be “y (nm)” (as depicted in figure 3-13).  
Therefore, the number of nanoclusters present (aligned) in one direction ~(1000/y) 
Total number of nanoclusters on the 1000 nm x 1000 nm field of view ~ (1000/y)2 
Therefore, (1000/y)2 = 16,300 
In other words, y (inter-nanocluster distance for 120 nM sample drop-cast) ~ 7.8 nm.  
This agrees well with the observed STEM image shown in figure 3-5(b). 
 
Figure 3-13: Schematic of a uniform nanocluster distribution on a substrate to determine 
the average inter-nanocluster distance 
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Since we are using an 85-fold diluted solution for the spin-coating of Au25SG18 nanoclusters on 
plasma cleaned glass substrate and by taking into account that 4 times were used for spin-
coating, we can calculate the inter-nanocluster distance for the TPEF NSOM sample. The 
average number of nanoclusters dropped on to the solid (glass) substrate is reduced by ~21-fold 
(85/4). However, since the spin-coating procedure causes ~95% of the solution to be thrown 
away the actual number of nanoclusters left on the substrate is reduced by 420-fold (21x 20). 
This indicates that the nanocluster density for TPEF NSOM samples should be, 
~ 16,300/420 nanoclusters/μm2 ~ 39 nanoclusters/μm2 
Also, one must note that since this density was due to drop-casting the value we obtain here is an 
overestimation since the nanoclusters are more or less concentrated in specific areas due to slow 
evaporation of the solvent. 
Since, (1000/y)2 = 39 
 y ~ 160 nm. 
This clearly indicates that the single nanoclusters are isolated and separated by ~160 nm (on 
average) distances on the substrate. Also, the observed TPEF NSOM feature density of ~23 
features/μm2 agrees well with the expected density (~39 nanoclusters/μm2) within a factor (and the 
overestimation of the density derived from STEM/TEM could be due to the congregation of 
nanoclusters since the solvent evaporates very slowly for the drop-cast technique. For example, 
with the STEM/TEM scans we were able to find areas on the Holey carbon copper grids where no 
nanoclusters were present. 
Therefore, our STEM/TEM analysis, inter-nanocluster collision calculations and inter-nanocluster 
distance calculations all agree with the observed TPEF NSOM feature densities and they further 
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prove that Au25SG18 single nanoclusters are indeed isolated and separated by sufficient distances 
(~160 nm) to be individually excited by a ~40 nm diameter NSOM probe. 
 
3.9.3 Calculation of two-photon absorption (TPA) cross section for single Au25SG18 
nanoclusters 
To calculate the two-photon absorption cross section for Au25 single clusters, single molecule 
TPEF NSOM counts for sub-monolayer Rhodamine B was measured (Rhodamine B photo-
bleached in one scan). For similar background counts (and coupling powers) the TPEF counts for 
both Au25 single clusters and Rhodamine B single molecules were substituted for the following 
equation, 65 
< 𝐹(𝑡) >  =   0.5 𝑔∅ƞ2𝛿𝐶 
8𝑛<𝑃(𝑡)>2
𝜋𝜆
  ------- (1)  
Where, < 𝐹(𝑡) >  = Average fluorescence rate, 
 
Figure 3-14: SEM image of a sample NSOM probe used with ~40 nm tip diameter (a) 
SEM image of ~10 um x ~18 um field of view (b) zoomed in SEM image of the NSOM 
tip (c) SEM profile 
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 𝑔 = 
<𝐼(𝑡)2>
<𝐼(𝑡)>2
 , 
∅ = Fluorescence collection efficiency of the optical set up (at the emission wavelength), 
ƞ2 = Fluorescence quantum yield of the chromophore, 
𝐶 = Concentration of the sample, 
𝛿 = Two photon absorption cross section, 
𝑛 = Refractive index of the sample medium (assumed to be 1.0 for air), 
< 𝑃(𝑡) > = Average excitation power, 
𝜆 = Wavelength of emission 
For Rhodamine B single scan,  
7555  =   0.5 𝑔 ∗ 0.99∅ ∗ (0.70 ∗ 260 𝐺𝑀)𝐶 
8∗1.0∗<0.000192>2
𝜋∗570
 ---------- (2) 
26337=  0.5 𝑔 ∗ 0.97∅ ∗ (ƞ2 ∗ 𝛿)𝐶 
8∗1.0∗<0.000624>2
𝜋∗650
                ----------- (3) 
Therefore, by dividing equation (2) from (3), for Au25 single cluster TPEF on solid phase the 
average Two-Photon Action Cross Section is (solid state emission wavelength for Au25 NCs was 
obtained from reference 66),  
(ƞ2 ∗ 𝛿) = 69.9 GM 
 = 69.9 GM/ 1 x 10-4 = 0.699 x 106 GM 
solid ~ 1.64 x solution ensemble 
It is clear that the average TPA cross section of Au25SG18 single nanoclusters are enhanced by 
64% compared to the previously reported solution-phase ensemble average value. This can be 
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attributed to local electric field enhancement effects induced by the plasma cleaned glass substrate. 
Also, as can be observed in figure 3-6(a), it is clear that the distribution of solid is not symmetrical 
which may hint at the possible heterogeneities of the local electric charge distributions on the 
substrate.  
 
3.9.4: Accounting for the enhancement in two-photon absorption cross section 
              In order to further understand the enhancement observed, the two-photon absorption 
process with respect to a two-level approximation can be considered as depicted in the following 
equation. 67 
𝛿 (𝜈10) =
4(1+2 𝑐𝑜𝑠2𝛼)
5
 
𝜋103 ln 10 𝑓2
ℎ𝑐2 𝑁𝐴 𝑛
 |∆ 𝜇10|
2 𝜀(𝜈10)
𝜈10
    
The terms of the equation can be defined as follows. 
δ – two-photon absorption cross section 
α – angle between transition dipole moment and Δμ10 
f – local field factor = (n2+2)/3 
Δμ10 – difference between the permanent dipoles of the ground state and the excited state 
ε - molar extinction coefficient 
ν10 – frequency of the transition 
Local field factor (fHex) for Hexane = (1.37
2+2)/3 = 1.29 
Local field factor (fAir) for air = (1.00
2+2)/3 = 1.00 
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Therefore, f2/n for Hexane = (1.29)2/1.37 = 1.21 
By substituting for the above equation, 0.427 x 106 GM α 1.21 x | Δμ10 (Hex)|2 (for Hexane) 
For air: 0.699 x 106 GM α 1.00 x | Δμ10 (On solid/Air)|2 
By solving for the above relation (assuming the α remains unaltered) 
Δμ10 (On solid/Air) = 1.33 x Δμ10 (Hex) 
Therefore, the difference between permanent dipole moment is enhanced by 1.33 when 
moved on to the solid substrate. This enhancement can be attributed to an electric-field-induced 
dipole moment change due to a change in polarizability of the excited state with respect to the 
ground state. 68, 69 
 3.9.5: Best TPEF NSOM point resolution observed was 30 nm 
 
 
 
Figure 3-15: Gaussian fit for the raw data of a TPEF NSOM feature with S/N~7 
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3.9.6: Comparison of the steady state absorption spectra of Au25SG18 when moving from 
pH=5.0 to pH=7.0 
 
Figure 3-16: Comparison of the steady state absorption spectra of Au25SG18 when moving from 
pH=5.0 to pH=7.0 
In the inset of the figure 3-15, the spectra were normalized at 625 nm (minimum point after the 
400-500 nm absorption) which reveals only ~ 10 nm blue shift in absorption when the pH was 
increased from pH=5.0 to pH=7.0. 
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3.9.7: AFM images for different Au25 NC solution concentrations spin-coated on glass 
substrates in the absence of pH induced disassembly 
 
Figure 3-17: AFM images for different Au25 NC solution concentrations spin-coated on glass 
substrates in the absence of pH induced disassembly 
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3.9.8: Concentration dependent AFM feature density for Au25 NCs solutions spin coated on 
glass substrates in the absence of pH induced disassembly 
 
Figure 3-18: Concentration dependent AFM feature density for Au25 NCs solutions spin coated 
on glass substrates in the absence of pH induced disassembly 
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Chapter 4 
Interrogations of Quinoidal Bithiophene Reveal High Yield Ultrafast 
Intramolecular Singlet Exciton Fission: A New Hope in Organic Photovoltaics 
 
4.1 Original Publication Information 
This chapter primarily contains material that was originally published as the following document. 
“High yield ultrafast intramolecular singlet fission in a quinoidal bithiophene” 
Oleg Varnavski, Neranga Abeyasinghe, Juan Arago, Juan J. Serrano-Perez, Enrique Orti, Juan T. 
Lopez Navarette, Kazuo Takimiya, David Casanova, Juan Casado & Theodore Goodson III 
The Journal of Physical Chemistry Letters 2015, 6, 1375-1384. 
 
The modifications to the original document is cosmetic and are used only to conform to the format 
of this dissertation or to provide uniformity of enumeration. I contributed to this work by 
conducting nonlinear transmission experiments that are used to determine intramolecular singlet 
fission efficiency, preparing samples for flash photolysis experiments, conducting solvent polarity 
dependent nonlinear transmission experiments and concentration dependent steady state 
absorption experiments, doing time-correlated single photon counting experiments and magnetic 
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field dependent time-correlated single photon counting experiments etc. The calculations 
described in the text were carried out by our collaborators in Spain. 
 
 
 
 
 
 
 
 
 
 
Figure 4-1 Table of contents image as published.  
 
4.2 Abstract 
We report the process of singlet exciton fission with high-yield upon photoexcitation of a quinoidal 
thiophene molecule. Efficient ultrafast triplet photogeneration and its yield are determined by 
photoinduced triplet−triplet absorption, flash photolysis triplet lifetime measurements, as well as 
by femtosecond time-resolved transient absorption and fluorescence methods. These experiments 
show that optically excited quinoidal bithiophene molecule undergoes ultrafast formation of the 
triplet-like state with the lifetime ∼57 μs. CASPT2 and RAS-SF calculations have been performed 
to support the experimental findings. To date, high singlet fission rates have been reported for 
crystalline and polycrystalline materials, whereas for covalently linked dimers and small oligomers 
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it was found to be relatively small. In this contribution, we show an unprecedented quantum yield 
of intramolecular singlet exciton fission of ∼180% for a quinoidal bithiophene system. 
 
4.3 Introduction 
Singlet exciton fission (SEF), discovered almost 50 years ago, has recently attracted 
renewed interest due to potential applications.1-3 SEF, in which two triplet excited states are created 
from one singlet excited state, can potentially provide a pathway to increase the energy conversion 
efficiency in organic solar cells if each of the two generated triplet states is able to inject an 
electron.2-7 SEF has been found in a number of selected systems, including large polyacenes,8,9 
polymers10-12 carotenoids,13-15 and in covalent dimers.16-18 While the list of compounds that have 
been shown to undergo SEF continues to grow, a high-yield multi-electron generating system for 
real photovoltaic applications remains to be found.  
SEF is a quantum-mechanically allowed process as opposed to the spin-forbidden singlet–
triplet transition (intersystem crossing). Under favorable E(S1) > 2E(T1) energetics, the fission 
process can be very fast due to its spin-allowed nature.1,3,6,7 In most of the known SEF materials 
for photovoltaics, the correlated triplet pair state  1(T1T1)  is formed by sharing the initial singlet 
monomer exciton energy with a neighbouring molecule giving rise to an intermolecular excimer 
state in which each molecule embodies a triplet and the two triplets are electronically coupled to 
form a correlated triplet pair with singlet multiplicity 1(T1T1). Even in the assumption of favorable 
energetics, the single-molecule excitation in these systems evolves to a bimolecular excimer, a 
process that might be a quite limiting step due to the intermolecular nature of 1(T1T1) that requires 
suitable intermolecular electronic coupling (adequate pi contact and molecular orientation).6,7 
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Intramolecular SEF quantum yields reported until very recently12 were small, typically well 
below 30% while for polycrystalline solids made from the same chromophores the intermolecular 
SEF yield could reach 200%.6,16,18 The reason for this was not clearly understood and the potential 
of intramolecular fission has not been fully explored.6,18 In an exciting new development high 
efficiency intramolecular SEF has been recently demonstrated in donor-acceptor polymers.12 
Intramolecular SEF is a very attractive route for multiple charge generation as it allows for accurate 
tuning of the geometry and intramolecular interactions through chemical synthesis. As a molecular 
property, SEF itself in this case may not require long molecular ordering or fine adjustment of 
intermolecular interaction in not-so-well controllable assembling process. Additionally, for 
intramolecular SEF molecules we can control the D-A interface parameters for charge separation 
much more precisely as compared to the microcrystalline contact, for example, by bonding the 
SEF molecule to a charge separation unit.  
Besides covalent dimers, intramolecular SEF is known to occur in particular carotenoids 
bound to photosynthetic antenna light-harvesting proteins.13,14 It has been also found in conjugated 
polymers.10-12 The possibility of efficient localization of the resulting triplets in well separated 
polymer fragments within the maximal conjugation length plays an important role in generation 
of separated triplets. From this perspective a large molecular weight disordered polymer can be 
considered as multi-segment system showing some features of intermolecular process even in 
diluted solution (e.g. self-chain crossings due to disorder).   From a mechanistic perspective, the 
polymer resorts to distance the two triplet excitations via extended conjugation length and 
delocalization of a parent singlet while the small molecule may mostly use a conformational 
gateway to accommodate them. In an attempt to better understand the SEF process in small 
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molecules, dimers formed by two active molecules covalently connected by electronically inactive 
units have been studied.16-18 These are certainly uni-molecular entities but they do not directly 
imply the concept described in carotenoids and conjugated polymers. In fact, these weakly coupled 
dimers show very low SEF quantum yields and, more importantly, slow, non-competitive triplet 
formation rate.18 On the other hand conjugated polymers with strongly coupled charge-transfer 
character units demonstrated high SEF efficiency up to 170%.12  
It is well known that absorption processes can efficiently promote the direct generation of 
multiple carriers in inorganic semiconductors and carbon nanotubes.19 However, in organic 
molecules, these multi-exciton states can be strongly coupled and double electron injection 
capability is questionable. The molecular system should allow for two triplet excitations being 
more or less independent, but quantitatively, the extent of this anticipated independence with 
respect to efficient double electron injection remains unclear. For example, Chan et al. have 
demonstrated that the charge transfer rate from the correlated pair intermediate state of pentacene 
(ME/ME’) to C60 is higher than that from separated triplets and, more importantly, that both 
electrons are transferred.3 This observation indicates the importance of the intermediate state 
1(T1T1) for multiple charge extraction process and that the formation of perfectly independent 
triplet states may not be essential for efficient double charge injection.  
While creation of the efficient photovoltaic cell utilizing SEF to exceed Shockley-Queisser 
limit goes beyond SEF suggesting the use of additional red-absorbing species to prevent the drop 
in open circuit voltage,2 the discovery of new organic molecules possessing efficient 
intramolecular SEF in relatively small molecules and oligomers is an important step towards 
potentially controlling the SEF efficiency via chemical synthesis that will be pivotal for next 
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generation photovoltaic applications. Efficient intramolecular SEF system in comparison with the 
intermolecular SEF counterpart can give the following important benefits: i) a higher efficiency 
(intermolecular steps preceding triplet-triplet formation are made unnecessary), ii) the SEF–active 
molecule can be potentially bound to the electron acceptor with a minimal travel distance for triplet 
exciton to reach the acceptor, thus ensuring more efficient electron injection competitive to 
detrimental triplet-triplet annihilation process, and iii) the system efficiency is expected to be less 
susceptible to the defects like those associated with the imperfections in microcrystalline 
structures.  
Tetracyanomethylene quinoidal oligothiophenes (QOTn, Figure 3-2) have recently 
attracted substantial attention due to their unusual linear and nonlinear optical properties.20-27 Long 
quinoidal oligothiophenes have been shown to possess a biradicaloid character in their ground 
state.23-28 Biradicaloids are known to have low-lying triplet energy levels and therefore are 
promising structures to meet the requirement E(S1)  2E(T1).6,7,29,30 The quinoidal structure of the 
thiophene rings results in a mostly planar ground state molecular configuration that undergoes 
distortions and twisting to stabilize their excited state.24 Moreover, QOTn molecules are equipped 
with terminal –CN acceptor groups that may serve to facilitate the efficient formation of the 
correlated triplet pair state and subsequent separation into two individual triplets.31, 32 The 
quinoidal features together with the great photostability of quinoidal thiophenes, make QOTn very 
promising candidates for a new generation of organic molecules for photovoltaics by virtue of the 
intramolecular SEF process. 
In this paper we report on the generation of ~180% yield of triplet excitons via 
intramolecular SEF in a relatively small molecule tetracyanoquinodimethane bithiophene (QOT2, 
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Figure 4-2). QOT2 displays favorable energetic conditions for SEF imparted by its pro-
biradicaloid character. We show that QOT2 undergoes ultrafast formation of a triplet-like species 
that lives for at least 57 µs using femtosecond and microsecond transient absorption measurements, 
ultrafast nonlinear transmission, time-correlated single photon counting, and femtosecond time-
resolved fluorescence measurements. Moreover, our multiconfigurational CASSCF/CASPT2 and 
RAS Spin-Flip (SF) quantum chemical calculations on QOT2 confirm the possibility of 
intramolecular SEF by outlining the general energetic landscape during the formation of triplets. 
Using both experiment and theory we describe the pertinent mechanisms yielding the high 
population of the multi-exciton state under impulsive conditions, which efficiently produces triplet 
excitons via intramolecular SEF. We demonstrate that QOT2 has all ingredients necessary to be 
utilized in highly efficient organic photovoltaic devices operating via intramolecular SEF. 
 
4.4 Results and Discussion 
 
 Investigations on QOTn have revealed that their steady-state absorption spectra extend much 
farther to the red as compared to the corresponding aromatic oligomers (Figure 4-2).22,25,33 
Moreover, these quinoidal structures have shown biradicaloid character of the ground state 
indicating the presence of low-lying triplet states that can help to meet the energetic requirement 
for singlet exciton fission [2E(T1) < E(S1)].24,30 Experiments have been performed in QOT2 
solutions having concentration in the range 2  10-6 M to 10-3M (depending on the experiment) 
thus making the intermolecular processes very improbable on the time scales of the experiments.34 
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No concentration dependence of the steady-state spectra as well as the kinetics has been detected 
in this concentration range indicating negligible aggregate formation. 
 
Figure 4-2 Steady-state absorption spectra for QOTn oligomers indicating their broader reach 
of the visible and near infrared wavelengths. The structure of quinoidal bithiophene QOT2 
investigated in this work. 
 
 
 
In order to establish the formation of triplet species, we have conducted transient 
absorption experiments on QOT2 excited at 445 nm using a flash photolysis apparatus as well as 
sensitization of the QOT2 triplets using tetracene. The excited state absorption (ESA) detected for 
the directly photo-generated species (Figure 4-3) displayed a peak at ~570 nm and had a lifetime 
of 57  6 µs. This long lifetime taken together with the absence of systematic solvent polarity and 
viscosity dependence as well as the presence of magnetic field effects (see below) strongly suggest 
the formation of a triplet (or higher multiplicity) species upon photo-excitation of QOT2.  
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Figure 4-3 Efficient generation of long-lived species. (a) Transient absorption spectra (flash 
photolysis) of QOT2 at 445 nm excitation that yields 57 µs-lived transient species. (b) Fitting of 
the 570 nm excited state absorption to the exponential decay function. 
 
Using the same set up we have also observed a tetracene-sensitized transient absorption 
feature associated with the triplet exciton energy transfer from the tetracene to QOT2 (Figures 4-
4, 4-10, 4-11). Interestingly, in contrast to the direct excitation, sensitized QOT2 showed ESA 
shifted to the red (~ 600 nm) as compared to that for the direct excitation with a measured lifetime 
of 111  19 µs (well beyond the tetracene triplet lifetime of 38 µs, Figures 4-4, 4-10). The 
shortening of the tetracene lifetime to 14.9  0.1 µs clearly indicates the triplet sensitization of 
QOT2 by tetracene.  
We can establish two possible long-lived transient species for photo-excited QOT2: 
1. Single triplet species that lives for 111 µs – from sensitization experiment.  
2. A long-lived species distinct from and that lives shorter than a single triplet exciton (57 µs) 
– from direct singlet excitation of the QOT2. 
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Figure 4-4 (a) Transient absorption spectra of tetracene and QOT2 sensitized with tetracene at 
excitation of 470 nm, (b) Triplet energy transfer kinetics from tetracene to QOT2 derived from 
transient absorption spectra. Tetracene quenching kinetics is also shown. 
 
It is clear from these experiments that the direct excitation of QOT2 forms a species that 
has non-singlet character and that shows somewhat different excited state properties in comparison 
with the single triplet exciton produced by sensitization route. We assign this species to the triplet 
pair residing on one QOT2 molecule. The observation of the triplet pair on direct excitation with 
a lifetime shorter than that for a single triplet exciton may indicate an enhanced contribution of the 
triplet-triplet annihilation process if more than one triplet, i.e., a triplet pair, is formed in one 
molecule under direct excitation. It is also possible that the molecular conformation which 
stabilizes a triplet pair on one molecule is somewhat different from that stabilizing the single triplet 
which can result in different associated decay rates. Also, having an excited triplet pair 
distinguishable from the single triplet exciton (111 µs lifetime) is an indirect indication that the 57 
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µs-lived species has derived from a process other than intersystem crossing. This experiment has 
also located the triplet state energy of the QOT2 to be below triplet energy of tetracene i.e. 0.98 
eV thus confirming the favourable energetics E(S1) > 2E(T1) for SEF in QOT2 (E(S) 2.26 eV).  
We have examined the excited state absorption of QOT2 at 890 nm under excitation with 
a femtosecond pulse train at 445 nm. The 890 nm probe beam has been produced by the 
femtosecond laser system delivering 130 fs pulses at a repetition rate of 80 MHz while its second 
harmonic (445 nm, 2.79 eV) has been used as a pump. The 445 nm pump pulse train excites high-
lying vibronic states of the one-photon-allowed transition (high energy side of the band spreading 
from 400 nm to 600 nm in Figure 4-2). In this experiment, a small fraction (<1 mW) of the 
fundamental beam (890 nm) probes the transmission of the sample in the wavelength range where 
the linear absorption of the sample is negligible. A surprisingly strong drop in transmission was 
observed at 890 nm (Figure 4-5).  
Almost complete attenuation of the 890 nm probe beam under the moderate pump at 445nm 
(~14 mW) detected in this experiment is due to accumulation of a significant number density of 
excited state absorbing species. In order to better characterize this absorbing species, we performed 
this transmission experiment for QOT2 dissolved in a variety of solvents possessing different 
polarities and viscosities. Figure 4-6 shows the probe transmission profiles for QOT2 in solvents 
of different polarities ranging from nonpolar cyclohexane to highly polar acetonitrile. It is seen 
that the transient absorption induced by the 445 nm beam does not have systematic polarity 
dependence ruling out the formation of long-lived charge transfer products sensitive to the polar 
environment (such as radical anions and cations). The induced absorption profile also did not show 
 109 
 
 
Figure 4-5:  Transmission of QOT2 for the probe light at 890 nm as a function of the pump power 
at 445nm.  
 
measurable dependence on the solvent viscosity (Figure 4-12) thus making the contribution of 
long–lived conformers or excited state species created in intermolecular processes controlled by 
diffusion (e.g. excimers) very improbable. 
From the induced triplet absorption shown in Figure 4-5, one can estimate the number 
density of accumulated triplet excited states nTE that is necessary to produce the observed beam 
attenuation of 48.5 % at 890 nm for the incident pump (445 nm) power of 14.5 mW. The molar 
extinction coefficient for triplet-triplet absorption was estimated to be 9.5  103 M-1cm-1: nTE = 
3.65  1016 triplets/cm3. The number density of molecules in the singlet excited state nS* created 
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Figure 4-6 Transmission of QOT2 for the probe light at 890 nm as a function of the pump power 
at 445 nm in solvents of different polarity. 
 
by the 445 nm laser pulse can be easily estimated from the optical density of the sample and pulse 
energy: nS* = 4.57  1012 singlets/cm3. Comparing the number of triplet states accumulated during 
the triplet lifetime with nTE, the singlet-triplet conversion quantum efficiency STcan be 
calculated: ST =1.76 or 176% (see Supporting Information for details). In line with the unusually 
strong beam attenuation at 890 nm, the calculated singlet-triplet conversion efficiency above 100% 
indicates the presence of a very efficient SEF process in QOT2.  
             Previous studies on singlet exciton fission (tetracene, pentacene, carotenoids, etc) have 
reported the identification of an intermediate correlated triplet-pair state.3,5,13,35 This intermediate 
state was found to emerge almost simultaneously (within the ~first picosecond) with the formation 
of a singlet excited state.3,35 Moreover, it was found that this ultrafast formation is directly assisting 
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SEF to compete with other radiative and non-radiative relaxation processes to achieve highly 
efficient triplet generation.6 In order to investigate possible ultrafast origins of the triplet-like 
excitons (triplet pair or correlated triplet pair), we have carried out femtosecond time-resolved 
two-color pump-probe experiments on QOT2 using a low-noise, cavity-dumped Ti-Sapphire 
femtosecond oscillator. The excitation occurred at 415 nm while the probe pulse wavelength was 
at 830 nm.  The fast initial decay component (<1 ps) of the excited state absorption in Figure 4-7 
is due to transient absorption contribution of a short-lived singlet excited state. This decay is 
followed by the excited state absorption by a long-lived species, which can be attributed to the 
absorption of the triplet-like species detected in the above experiments. 
 
 
Figure 4-7 (a) Two-color pump-probe dynamics in the first 30 ps for QOT2 under 415 nm pump 
and 830 nm probe indicating the ultrafast formation (< 1 ps) of the long-lived species (b) 
Degenerate pump-probe dynamics showing formation of long-lived ground state bleach. 
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           While the exact rise time of the long-lived transient absorption is obscured by the fast singlet 
state decay, it is clear that the long-lived absorption is fully established after 1ps. It can be inferred, 
then, that the same absorbing species is existent until 57 µs to give rise to the excited state 
absorption at 570 nm and at longer wavelengths (830 nm in this case). Moreover, a similar (~ 1 
ps) decay profile was observed for our time-resolved fluorescence experiment (see below) at 600 
nm emission substantiating the ultrafast decay (~1 ps) of the initial singlet excitation. This 
surprisingly short build up time for the triplet-like state in the sub-picosecond time range cannot 
be a result of the regular intersystem crossing induced by spin-orbit coupling mechanism as the 
latter is an orders-of-magnitude (1010 s-1 as opposed to >1012 s-1) slower process for systems 
without heavy atoms. 
           Out of the two interconverting singlet and triplet transient species generated on the 
picosecond time scale, the lowest singlet state population can be followed by the fluorescence 
dynamics. We have conducted femtosecond time-resolved fluorescence measurements to correlate 
the singlet state population dynamics with the triplet state population build up time. The time-
resolved 600 nm (2.07 eV) - fluorescence profile measured with the fluorescence upconversion 
setup is shown in Figure 4-8a. It is clearly seen that the fluorescence (thus the singlet state 
population) decays within a few picoseconds. Best fit analysis of the short time-scale fluorescence 
dynamics (Figure 4-8a, inset) showed bi-exponential decay with time constants of 0.610.1ps and 
2.00.3 ps, which are in excellent agreement with the transient absorption experiment monitoring 
mostly singlet excited states.20, 21 This decay time also correlates well with the triplet-like 
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population build up time estimated from the transient absorption experiment monitoring the triplet 
excited state absorption (Figure 4-7). These experiments showed that ultrafast singlet–triplet 
transformation plays a dominant role in the singlet population decay. The observed fast 
transformation of the singlet states into the triplet-like states (<1 ps) clearly indicates an 
intramolecular SEF process as the intersystem crossing rate is expected to be orders of magnitude 
slower.6  
              We have also performed time-correlated single-photon counting (TCSPC) measurements 
of the fluorescence decay at different wavelengths in order to better probe any possible long-lived 
emission components (e.g. delayed fluorescence). For the fluorescence at 580 nm (2.14 eV) 
reflecting the population of the lowest emissive singlet state, we found a decay on the nanosecond 
timescale (Figure 4-8b) as opposed to the fast decay at 470 nm (2.64 eV) mainly following the 
instrument response function profile. 
   The 470nm - fluorescence signal monitors the population dynamics of a higher-lying 
singlet state. As the excitation intensity in this photon counting experiment was extremely low 
(less than one excitation per 10,000 molecules) the singlet-singlet annihilation (and charge 
recombination) can be readily excluded. The 580 nm-fluorescence long tail is suggested to be due 
to the singlet excitations formed as a result of weak triplet-triplet exciton annihilation (delayed 
fluorescence). It decays well beyond the major excited singlet decay component of ~2 ps for 
QOT220,21 (shown in Figures 4-7 and 4-8a). The presence of a long-lived non-exponential emission 
component related to the delayed fluorescence was often used as a strong indication of the triplet 
state population.36-38 It is also worth noting that due to the low concentration of molecules in 
solution used in this experiment (<10-5 M), annihilation of two triplet excitations residing on 
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Figure 4-8 Time-resolved fluorescence dynamics. (a) Femtosecond time-resolved fluorescence 
decay at 600 nm. Inset: Short timescale fluorescence decay; instrument response function (FWHM 
= 0.25 ps) is indicated by dash-dot line. (b) Time-resolved fluorescence decay measured by time-
correlated single photon counting (TCSPC) at 470 nm and 580 nm emission wavelengths.  
 
different molecules can be neglected and the observed delayed fluorescence might be associated 
with the presence of two triplets residing on one molecule. The delayed fluorescence, as detected 
with this setup, lasts shorter than the triplet-related transient absorption features (Figure 4-3). It 
can be associated with low signal-to-noise ratio of the setup to detect extremely weak (in part due 
to relatively low annihilation rate) delayed fluorescence tail. Some conformational inhomogeneity 
can be also contributing to the enhanced delayed fluorescence at short times. It is also worth noting 
that the energy of the resultant singlet (following triplet-triplet annihilation) should be lower than 
2.64 eV not to appear in the 470 nm emission. This distinction between the 470 nm and 580 nm 
emission may further indicate the excited-state energy relaxation of a correlated triplet-pair state 
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(or an intermediate state) prior to their separation into two triplets. Additionally, we carried out 
magnetic field-dependent measurements to probe the triplet origin of the observed transients. We 
have carried out magnetic field measurements on the transmission drop and on the fluorescence. 
The excited state absorption at 890 nm increases by a value which is definitely beyond the noise 
uncertainty when an external magnetic field of ~100 Gauss is applied to the sample (Supporting 
Information, Figure 4-19). This observation indicates an increase in triplet-like population 
compared to the zero-field case. Since the observed excited state absorption corresponds to long 
time scales, it can be inferred that, by the point when ESA is significant, the triplet-like states have 
randomized their populations across the nine possible spin states6,9 so that the pathways available 
for triplet-triplet annihilation are reduced.  The magnetic field dependent fluorescence has been 
also observed. The data is shown in Supporting Information (Figures 4-20, 4-21 and 4-22). There 
is a clear change of the fluorescence intensity with and without the 100 Gauss magnetic field. 
While detailed mechanism of these effects is still under investigation, these experiments 
demonstrating a magnetic field dependence of the photogenerated absorbance and fluorescence in 
QOT2 provide additional support to its spin multiplet origin. 
            Multiconfigurational CASPT2 quantum-chemical calculations have been performed to 
explore the electronic structure and excited states of the strongly electron correlated QOT2 system 
(Figure 4-9). The CASPT2 protocol has been shown to provide accurate descriptions of 
photophysical/photochemical processes.39, 40 Substituents at the β, β' positions of QOT2 have been 
omitted to simplify the model and reduce the computational cost. Calculations have been carried 
out using an active space of 10 electrons in 8 π molecular orbitals and the cc-pVDZ basis set (see 
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Supporting Information for full computational details). Molecular geometries of both the ground 
and the excited electronic states have been optimized at the CASPT2 level.  
 
                                                                                        
 
Figure 4-9 Schematic showing the computed CASPT2 energies (in eV) for the low-lying 
electronic states of QOT2. Possible relaxation paths are sketched by arrows.  
 
           CASPT2 calculations predict a strong one-photon-allowed vertical excitation to the 11Bu 
state at 2.06 eV, which correlates with the experimental band at 2.25 eV in the UV-Vis absorption 
spectrum. This 11Ag→11Bu excitation is mainly described as a one-electron promotion from the 
7au HOMO to the 7bg LUMO (Figure 4-13). In the Franck-Condon region, the next 21Ag excited 
singlet state lies at 2.19 eV (0.13 eV higher than the 11Bu). This dipole-forbidden 11Ag→21Ag 
excitation mainly results from a double electron promotion revealing the multi-exciton character 
of the 21Ag state. 
               We have also explored the minimum-energy regions for the two low-lying singlet excited 
states (11Bu and 21Ag). At the minimum of the 11Bu state, the 21Ag state lies 0.06 eV below and the 
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energy difference increases to 0.36 eV at the optimized 21Ag geometry. These results clearly 
indicate that: i) the energy ordering of the two lowest-lying excited states (11Bu and 21Ag) is 
inverted when passing from the Franck-Condon region of the ground state [11Ag (S0) < 11Bu (S1) 
< 21Ag (S2)] to the minimum of the 21Ag state [11Ag (S0) < 21Ag (S1) < 11Bu (S2)], and ii) the energy 
difference for a possible 11Bu → 21Ag internal conversion is small (0.06 eV at the minimum of 
11Bu) conforming with the ultrafast internal conversion between the 11Bu and the 21Ag states 
experimentally detected by Kobayashi et al.20 At the CASPT2 optimized geometry of 21Ag, the 
vertical energy difference between the 21Ag and 11Ag states is computed to be 1.65 eV. 
The low-lying triplet excited states were also calculated at the fully-relaxed CASPT2 geometry of 
the 11Ag state (Figure 4-14). The first triplet excited state (13Bu) is predicted at 0.60 eV above the 
11Ag ground state which is in qualitative agreement with the efficient QOT2 sensitisation by 
tetracene described above. Although the relevant triplet species detected in the intramolecular SEF 
mechanism are multi-excitations, the evaluation of single molecule triplet excitations, relative to 
the relevant singlets, can provide a qualitative estimation as for the overall energetics of the SEF 
process. In this sense the sum of the calculated energies of two isolated triplets residing on different 
molecules at the vertical states (i.e., 2T1= 1.20 eV) is lower than 1.65 eV (21Ag) thus anticipating 
a clear exoergic energy balance for a hypothetical intermolecular SEF process to take place. Two 
triplets stabilized on one molecule may have different total energy due to their close proximity and 
different stabilizing nuclear arrangement in comparison to that of two single triplets on two 
different molecules.  Direct excitation flash photolysis and tetracene sensitization experiments 
indicated differences in spectra and kinetics. Nonetheless, ultrafast and efficient intramolecular 
triplet formation clearly shows that energetics remains favorable for the intramolecular case too. 
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At the minimum of the 13Bu state (Figure 4-14), we have calculated the lowest-lying triplet excited 
states at CASPT2 and found that the lowest-energy 13Bu (T1) → 13Ag (T2) triplet-triplet excitation 
has an energy of 1.80 eV with a relatively weak oscillator strength (0.084) while the most intense 
triplet-triplet excitation is associated to the 13Bu(T1) → 33Ag(T6) transition with an energy of 2.82 
eV and an oscillator strength of 0.605.  
            In polyenes, the 21Ag multi-exciton singlet excited state (i.e., named covalent state) is 
described as a spin-wave state that consists of spin flip excitations.41-42 For medium size polyenes, 
or carotenoids, the 21Ag is described as two intra-ethylene triplet excitations which are coupled 
into an overall singlet, or 1(T1T1). The electronic structure computed for QOT2 shows a definitive 
resemblance with that of polyenes and its 21Ag excitation can be viewed as a double triplet 
excitation or with a strong 1(T1T1) component (see next section for spin flip calculations). 
Described the 21Ag excited state of QOT2 as a 1(T1T1) excitation, we notice that the fully-relaxed 
geometry of the 21Ag state features a significant elongation of the terminal carbon-carbon bonds 
by 0.096 Å (the central bond changes by 0.052 Å, see Table 1 and Figure 4-15) highlighting that 
the two coupled excitations are put apart towards the dicyanomethylene groups. 
Restricted active space spin flip (RAS-SF) quantum chemical calculations reproduce with 
acceptable accuracy the relative energies of excited states of different multiplicity at a moderate 
computational cost.43,44 RAS-SF calculations are thus very suitable to scan the energies of the 
excited states involved in SEF as it has been already described in a number of examples.45-47 All 
calculations have been done with the double spin flip version of RAS-SF (RAS-2SF) using the 
lowest ROHF quintet determinant as the reference configuration, and the same active space (10, 
8) and basis set (cc-pVDZ) as used in the CASPT2 case. 
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             It is presumed by many authors that the intramolecular SEF might be assisted by a high 
spin quintet (Q1) molecular state which should mediate the full separation of the initial excitation 
into two independent intramolecularly comprised triplets.6 RAS-2SF/cc-pVDZ calculations 
predict the low lying Q1 state in QOT2 (15Ag) at more than 4.5 eV above the 11Ag ground electronic 
state (Figure 3-16). Since intramolecular SEF in carotenenoid-like molecules is accompanied by 
stabilizing molecular distortions,13, 14 we have scanned the energy evolution of the 21Ag/15Ag states 
by rotating from 0 to 90 º around the central CC bond (bond 1 in Table 4-1) resulting in an overall 
destabilization of both states (Figure 4-16), which is unfavourable for any photophysical process 
taking place at moderately low energies as those observed here. 
           Anticipated by the structure of the 21Ag state described at the CASPT2 level above, we have 
explored the energy evolution of the relevant low-energy lying excited states with respect to the 
simultaneous rotation around the bonds linking the dicyanomethylene groups and the thiophenes 
in Figure 3-17 (bonds 5 and equivalent in Table 4-1). Interestingly, the sole state that is stabilized 
with this distortion is the 15Ag state while the 21Ag gets destabilized being degenerate with the 
15Ag at 90º conformation: this highlights the intrinsic multi-radical nature of the multi-exciton 
21Ag of QOT2. We have calculated the tetra-radical character of the 21Ag wavefunction as a 
function of the discussed rotation and found that it progressively increases, having a 100% tetra-
radical feature at 90º (Figure 4-18). One can argue that the biradical centers are spatially localized 
mainly at the terminal dicyanomethylene groups at this perpendicular disposition. This theoretical 
data reveals that a mechanism for intramolecular SEF in QOT2 assisted by a quintet state is rather 
unviable, as this requires high excitation energies to be activated. At the same time the fact that 
distortions in the peripheral dicyanomethylene groups stabilizing the multi-radical character 
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alludes to a possible mechanistic pathway for intramolecular SEF with a twisted conformation of 
QOT2. 
            The theoretical description is in agreement with ultrafast spectroscopic results in QOT2. In 
our transmission experiments with the 445 nm (2.79 eV) laser excitation, QOT2 is directly excited 
to high-energy vibrational levels of the one-photon allowed 11Bu (S2) state predicted at 2.06 eV, 
which might relax to its minimum undergoing ultrafast internal conversion to the 21Ag (S1) state. 
The inversion of the energy ordering of the two lowest-lying excited states during the relaxation 
process can lead to the adiabatic relaxation pathway associated with the avoided crossing. This 
description is similar to that proposed for intermolecular SEF in tetracene films  which describes 
an adiabatic pathway from 11Bu to an intermediate or “dull” state (could be the 21Ag in our case).48 
However in tetracene there is an intermolecular excimer state while in QOT2 this state is of 
intramolecular nature.  In QOT2 the stabilization is provoked by a planarity distortion around the 
external CC bonds connecting the thiophenes and the dicyano groups.  Two vibrational modes 
strongly coupled to the dark (S*) state of QOT2 reported in ref 49 (1466cm-1 due to stretching of 
the external C=C bonds and 446cm-1 due to the out-of-plane ring or interring deformation49) may 
support the adiabatic evolution along the avoided crossing from 11Bu (S2) to the dark state. The 
small predicted energy difference near minimum of the 11Bu state ~ 0.06 eV may also suggest the 
existence of a conical intersection between the two potential energy hypersurfaces. Both 
mechanisms should warrant ultra-efficient/ultrafast internal conversion in accordance with the 
population within ~1 ps (see blue path in Figure 4-9) of the 21Ag lowest excited singlet.  
           In order for efficient intramolecular singlet exciton fission to occur, excited singlet state -
1(T1T1) coupling has to be high enough. In light of recent findings by Busby 
12 and co-workers and 
 121 
 
Zhu and co-workers31,32 the presence of electron withdrawing cyano groups as acceptors can 
facilitate strong coupling between singlet and triplet pair via charge-transfer state. Similarly, in 
QOT2 the presence of terminal –CN groups can render charge transfer character in its excited state 
which may be beneficial for the rapid formation of the triplet-pair and thus high intramolecular 
SEF efficiency in QOT2. 
           The triplet pair created from the 21Ag state might share structural characteristics with the 
15Ag quintet (both are electronically decoupled triplet pairs, only differing in the sign and degree 
of the spin correlation). This analogy suggests that once this intermediate species is formed it could 
find a stabilization pathway by rotating around the inter-ring and dicyano-thiophene dihedral 
angles (such as in the quintet by RAS-2SF calculations, Figure 3-18), a relaxation route that 
increases its tetra-radical character (T1T1) favouring the full dissociation into two intramolecular 
independent triplets and enhancing the SEF efficiency up to values, 180%, close to complete 
singlet-triplet photo-conversion of 200%. This distortion gateway of the correlated triplet pair is 
similarly suggested in carotenoid-like systems as the way to accommodate the two triplets.13, 14 
These species are formed within picosecond time-scales and owing to its triplet character have a 
long lifetime of 57 μs in our case. The two intramolecular triplets or the intermediate correlated 
triplet pair 1(T1T1) may follow the way back to the 21Ag singlet from which would weakly emit 
resulting in delayed fluorescence. Experimental observation of the delayed fluorescence at longer 
wavelengths (580 nm, 2.14 eV) rather than for the 470 nm (2.64 eV) indicates the upper level of 
the 1(T1T1) energy which is in line with calculated energy of 1.65 eV.    
            Given the two-photon absorption character of the 11Ag→21Ag transition, the dark state can 
be directly populated by direct two-photon excitation (see black path in Figure 4-10). We have 
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previously reported that   11Ag→21Ag two-photon activity for QOT2 lead to relevant three-photon 
absorption (two-photon mediated three photon absorption) allowing the population of even higher 
energy excited states that would also relax down to the 21Ag (see maroon path in Figure 8).21 We 
have observed the nonlinear absorption build-up associated with triplet generation under 
multiphoton excitation at 800nm. Interestingly the number density of excited singlet states 
producing specific induced absorption in this experiment was estimated to be very close to that 
created with one-photon excitation described above (nS* = 4.57  1012 singlets/cm3). This result 
indicates the same mechanism and efficiency of triplet generation for both routes of singlet 
excitation. 
                Finally, the build-up of this strong triplet-like population is responsible for the drop in 
transmission for the 890 nm probe beam observed in the experiment. A different scenario is formed 
by sensitization with tetracene; that is the generation of a single triplet excitation. This triplet is 
characterized in the transient experiments with tetracene by an absorption feature at wavelengths 
longer than 600 nm, which is close to that predicted theoretically at 689 nm (13Bu→ 13Ag (Figure 
3-14). The triplet lifetime of 111 μs measured in the sensitization experiment is in agreement with 
its single triplet character in contrast to the shorter lifetime for the two-triplet species. 
 
4.5 Conclusion 
  In conclusion, a quinoidal bithiophene, QOT2, has been shown to be a very promising system 
for intramolecular singlet exciton fission with an outstanding efficiency of ~180%. This SEF 
quantum yield is among the largest found for organic molecules featuring SEF and, to the best of 
our knowledge, by far the greatest one for intramolecular SEF. All critical parameters required for 
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efficient SEF seems to coincide in QOT2: i) its electronic structure which provides the 1(T1T1) 
character to the key multi-exciton 21Ag singlet electronic state; ii) essentially planar geometry of 
the ground state associated with quinoid structure acquires substantial distortions  in more aromatic 
excited state that help to accommodate two triplets on one molecule iii)  the biradicaloid character 
expressed in the relevant excited states which plays an important role in near optimal energy level 
arrangement for ultra-efficient SEF on a sub-picosecond time scale; and iv) the high photo-stability 
provided by the thiophene stabilization of the oligoene path. Ultrafast time-resolved and integrated 
triplet accumulation photo-induced absorption experiments as well as time-resolved singlet 
fluorescence experiments, supported by CASPT2 and RAS-2SF calculations, all confirmed the 
occurrence of an ultrafast and efficient intramolecular singlet fission process in QOT2. This study 
on QOT2 will surely stimulate the search for new organic dye materials with focus on the 
challenging and elusive intramolecular singlet fission in small molecules which up to now has 
been considered to be highly unlikely to exist. 
 
4.6 Experimental methods 
          QOT synthesis has been reported previously.22 For spectroscopic measurements on QOT2 
solutions, the QOT2 was dissolved in THF unless otherwise noted. We have examined the 
transmission of the dimer (QOT2) solution in THF at 890 nm under constant illumination with the 
femtosecond pulse train beam at 445 nm. The 890 nm - light beam has been produced by tunable 
Mai Tai laser system (Spectra Physics) delivering 130 fs pulses at repetition rate of ~80 MHz. 
Second harmonic of this beam (445 nm, 2.79 eV) with the average power up to 80mW has been 
produced in BBO crystal and used for excitation of the sample while a small fraction of the 
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fundamental beam (< 1 mW) has served to probe the transmission at 890 nm where the linear 
absorption of QOT2 is negligible. A variable density neutral filter has been used to adjust 
excitation power at the sample. The laser beam has been focused on the sample cell using the lens 
with 127 mm focal length. Pure THF sample has been used as a reference in all experiments. A 
calibrated photodiode was used to measure the incident power. The transmitted power has been 
measured with a wide aperture power meter to avoid any contribution of the thermal lensing effect. 
Flash photolysis experiments were performed using nanosecond excitation from the Vibrant LD 
355 II Nd:YAG/OPO system (OPOTEK) operating at 10 Hz. The transient absorption data were 
collected with an LP920 laser flash photolysis system (Edinburgh Instruments). The samples were 
degassed by Argon prior to flash photolysis experiments. Femtosecond two-color pump-probe 
experiments on the dimer QOT2 were carried out using low noise, cavity –dumped Ti-Sapphire 
femtosecond oscillator. Excitation occurred at 415nm while the probe pulse wavelength was 
830nm. Pump pulse energy did not exceed 0.5 nJ at repetition rate ~39 kHz. Instrument response 
function duration for the two-color pump-probe configuration was ~100 fs. The experimental setup 
has been described in detail elsewhere.50, 51 
           Time-correlated single photon counting (~1 ns resolution) was performed using the 
Ti:Sapphire cavity dumped laser described above as an excitation source. Pulse repetition rate was 
set at 755 kHz in these experiments. Average pulse energy was ~13 nJ. A BBO crystal converts 
the 840 nm pulsed light into 420 nm excitation pulses. The fluorescence from the sample was 
collected at a right angle of excitation. Time resolution was created by using a time to amplitude 
converter (TAC), a linear ramp generator in the TimeHarp 200 (PicoQuant) detection card. 
Femtosecond time –resolved fluorescence measurements were carried out using fluorescence 
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upconversion system with excitation provided by a frequency-doubled light from a mode-locked 
Ti-sapphire laser (Tsunami, Spectra-Physics) at 800 nm. Fluorescence emitted from the sample 
was up-converted in a nonlinear crystal of -barium borate using a pump beam at 800 nm, which 
first passed through a variable delay line. Instrument response function (IRF, ~250fs, FWHM) was 
measured using Raman scattering from water.  Spectral resolution was achieved by using a 
monochromator and photomultiplier tube. More details of the upconversion setup are provided 
elsewhere.51 The procedures and details of the theoretical studies are presented in the supporting 
information (section 4.7).  
 
4.7 Supporting information 
 
4.7.1 QOT2 sensitization with tetracene 
 
 
Figure 4-10. Left: transient absorption spectra for QOT2 sensitized with tetracene at excitation 
of 470 nm and up to 100 s. Right: transient absorption spectra for QOT2 sensitized with 
tetracene at excitation of 470 nm and up to 150 s. 
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Figure 4-11 Comparison between the quenched (by QOT2) and unquenched tetracene kinetics.   
 
 
Figure 4-12 Induced transmission drop as a function of solvent viscosity 
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4.7.2 Singlet-triplet conversion efficiency revealed by two-color transient absorption 
experiment 
Using the laser parameters, the 890nm - beam attenuation caused by 445nm pump to the singlet 
state one can estimate the singlet to triplet conversion efficiency in the QOT2 system. The presence 
of greater than unity singlet-triplet conversion efficiency supports the assertion that singlet exciton 
fission (SEF) should be at play during the femtosecond excitation process. Following information 
outlines the calculation of singlet-triplet conversion efficiency from experimental data. 
1. Number of singlet excitations have been created by ultrashort 445nm laser pulse 
a. Average laser power at 445 nm = 14mW (15.2mW –full power; 14.5 mW – pump (96%), 
0.7 mW probe (4%), beam attenuation -0.364/0.186=2.06 or 48.5%) 
b. Energy per pump pulse = 0.18 nJ/pulse 
c. Pulse duration = 130 fs = 1.3 x 10-13 s 
d. Laser beam divergence (full angle): ≤ 1 𝑚𝑟𝑎𝑑 (Mai-Tai specs) = 10-3 rad 
e. Focus of the focusing lens = 12.7 cm 
Waist diameter of focal beam = 12.7 x 10-3 cm = 1.27x10-2 cm (127 µm) 
Focal waist area = 
𝜋
4
 𝐷2 = 1.26 x 10-4 cm2 
Excitation volume =1.26*10-4*0.5=0.63*10-4cm3 
f. Energy density for 445nm pump pulse   ≈ 1.42 x 10-6 J/cm2 
Peak power density for 445nm pump pulse: P = 
1.42 x 10−6
1.3 x 10−13
= 1.1 x 107 W/cm2 
Energy of a photon at 445 nm = 4.5 x 10-19 J/photon 
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Photon flux for 445nm pump pulse = 
1.1 x 106
4.5 x 10−19
= 0.24 x 1025 photons/cm2.s 
 
Singlet excitations number density: 
      The number of absorbed photons at 445nm: 
Optical density of the sample at 445nm =0.55 
Iin-Iout=Iin(1-10
-0.55) = Iin(1-0.28)=0.72*Iin 
Iin= =4x10
8   phot/pulse 
That is 0.72*4*108 = 2.88*108    photons have been absorbed per pulse. 
The same number of molecules in the excited singlet state has been created in the 
excitation volume (v=0.63*10-4cm3) 
NS
* = 2.88*108 molecules 
           It corresponds to excited singlet number density: 
           nS*=4.57*10
12 molecules/cm3 
Triplet excitation number density: 
 
890nm - probe beam attenuation observed under pump of 14.5 mW is 48.5% 
 
No focal mismatch is suggested in this version of calculations. 
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In order to create this attenuation for the matching part of the probe beam the 
concentration of the triplet states responsible for attenuation can be obtained: 
 
Iout/Iin = 0.515=10
-lMt , (-extinction coefficient for triplet-triplet absorption, l – cell 
length, MT  - triplet states concentration ) or 
 
-lMT = log(0.515)= -0.288  
  where 9.5*103 M-1cm-1 is the molar extinction 
coefficient for triplet-triplet absorption estimated from the calculated oscillator strength 
0.084 for 1.80eV T1 – T2 transition (linewidth -    1886 cm-1     ) 
 
This molar concentration corresponds to the triplet population density nTE: 
 triplets/cm3 
 
Full number of triplet in the excitation volume v is 
NTT = nTE*v=3.65*10
16*0.63*10-4 = 2.30*1012 molecules in the triplet state in the 
excitation volume, 
Each pulse creates NS
* = 2.88*108 molecules in the singlet state 
The number of triplet states created by each pulse is: 
NTP=*2.88*108 molecules in the triplet state in the excitation volume. 
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Now the triplet state accumulation at relatively high pulse repetition rate should be taken 
into account: 
NTaccum=NTP*T*8*107; where T is triplet state lifetime (~57µs),  8*107 Hz - laser pulse 
repetition rate 
 
 NTaccum=2.88*10
8**4.56*103: 
In order to create the experimentally observed absorption 
NTaccum = NTT 
This equation results in singlet-triplet conversion efficiency : 
= =1.76 
or        176%   
 
4.7.3 Computational Details 
For the sake of completeness of the story the details of the theoretical calculations, that were 
carried out by our collaborators, are described below. The present calculations were carried out 
using the CASSCF (Complete Active Space Self-Consistent Field) multi-configurational wave 
functions as reference, the second-order perturbation theory through the CASPT2 (Complete 
Active Space Perturbation Theory to second order) was employed in the calculation of the energy 
of the electronic states. At the CASSCF level, a multi-configurational wave function, which 
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includes all configurations generated by a set of active orbitals and active electrons that fulfills 
spatial and spin symmetry requirements, is constructed. In this manner, the non-dynamic 
correlation effects owing to configurations which are very close in energy are included. In a 
subsequent step, the so-called dynamic correlation, due to short-range electronic interactions, is 
taken into account at the CASPT2 level. The CASPT2 method calculates the first-order wave 
function and the energy up to second order and has repeatedly proved its accuracy.52, 53 The 
imaginary level-shift technique was employed in order to prevent the effect of intruder states.54 A 
shift parameter of 0.2 a.u. was selected. In addition, Cholesky decomposition of the electron 
repulsion integral matrix was used to alleviate the computational cost.55, 56 
The standard cc-pVDZ basis set was employed for all the calculations56. The active space was 
selected according to natural orbital populations from state-average (SA)-RASSCF (Restricted 
Active Space Self-Consistent Field) calculations for the lowest-energy electronic states of the 1Ag 
and 1Bu symmetries. In these RASSCF calculations, the whole  space was distributed among the 
RAS1 (occupied MOs) and RAS3 (virtual MOs) subspaces, and up to triple excitations were 
considered. Occupied (virtual) molecular orbitals with natural orbital populations below (above) 
1.90 (0.10) were included in the CASSCF active space: 10 electrons in 8 molecular orbitals. Within 
the irreducible representations (ag,bg,au,bu) of the C2h point group this active space can be labeled 
as (0,4,4,0). In all the single-point calculations, CASSCF wave functions were generated as SA-
CASSCF roots of a given symmetry (the number of selected SA-CASSCF roots were 4, 3, and 4 
for 1Ag, 
1Bu and 
3Bu symmetries, respectively). 
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All calculations were carried out on a simplified model of QOT2 where the 
bis(butoxymethyl)cyclopentane groups fused to the thiophene rings have been removed. Geometry 
optimizations were obtained by computing numerical gradients at the CASPT2 level of calculation 
for the ground and the lowest-lying excited states. The need to include dynamic correlation in the 
optimization process was considered to be crucial in this case. The molecular symmetry was 
constrained to C2h point group. Finally, the CAS state interaction (CASSI) method was used to 
compute the oscillator strengths with CASPT2 excitation energies. All CASSCF/CASPT2 
calculations were done with the MOLCAS 7.6 program package.57  
Restricted active space spin-flip calculations were performed using the lowest high-spin 
restricted Hartree-Fock quintet (15Ag) as the reference configuration. The ground and low-lying 
excited states were obtained by considering all possible double spin-flip excitations within the 10 
electrons in 8 orbitals of Figure S5 (RAS2), all possible configurations with up to one hole in 
RAS1 and all determinants with one electron in RAS3. The RAS1 (RAS3) subspace was taken as 
the entire set of fully occupied (virtual) molecular orbitals outside of RAS2. All RAS-2SF 
calculations were done with the Q-Chem program package.58  
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Table 4-1. Selected CASPT2(10,8)/cc-pVDZ-optimized bond lengths (Å) for QOT2.  
 
Bond 11Ag 11Bu 21Ag 13Bu 
1 1.392 1.411 1.439 1.462 
2 1.439 1.434 1.413 1.404 
3 1.377 1.393 1.400 1.410 
4 1.447 1.432 1.425 1.418 
5 1.386 1.409 1.452 1.425 
6 1.435 1.426 1.416 1.424 
7 1.434 1.427 1.412 1.421 
8 1.190 1.195 1.198 1.195 
9 1.191 1.195 1.200 1.196 
10 1.773 1.748 1.757 1.736 
11 1.760 1.763 1.743 1.748 
 
 
Figure 4-13. Electronic density isocontours (0.03 e bohr–3) calculated at the CASSCF(10,8) level 
for the molecular orbitals included in the active space of QOT2.  
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Figure 4-14 Scheme showing the computed CASPT2 energies (in eV) for the low-lying triplet 
electronic states of QOT2.  
 
 
Figure 4-15 Selected CASPT2-optimized bond lengths for the 11Ag and 21Ag states as well as a 
scheme of the possible resonance structures that contribute to the description of these 1Ag states.  
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Figure 4-16. RAS-2SF energy profiles of the low lying singlets and the lowest quintet states 
along the rotation of the central C-C bond of QOT2 (see Table 4-1). 
 
 
Figure 4-17 RAS-2SF energy profiles of the low-lying states along the simultaneous rotation of 
the side C-C bonds of QOT2 (see Table 4-1). Energies are given with respect to the ground state 
optimized geometry. 
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Figure 4-18 RAS-2SF calculation of the tetraradical character of QOT2 (21Ag). Frontier natural 
orbitals and their occupancies of the 21Ag state for initial (left) and final (right) according to the 
simultaneous rotation around bond 1 and equivalent see (Table 4-1). 
 
 
Figure 4-19 Magnetic field dependent for QOT2 emission using TCSPC within the first few 
nanoseconds upon excitation at 420 nm and detection at 580 nm 
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Figure 4-20 Magnified plot of magnetic field dependence for QOT2 emission within the first 
few nanoseconds upon excitation at 420 nm and detection at 580 nm 
 
 
 
 
 
Figure 4-21 Magnetic field dependence for reference Coumarin 153 dye within the first few 
nanoseconds exciting at 420 nm. 
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Chapter 5 
Summary, Future Directions and Methods 
5.1 Summary 
 The summary will be divided into two segments to include the insights gained from the 
nanocluster investigations and the investigations of quinoidal bithiophene for intramolecular 
singlet exciton fission.  
5.1.1 Summary of the investigations of monolayer protected quantum confined nanoclusters 
 Previous linear and nonlinear optical investigations on quantum confined monolayer 
protected gold nanoclusters in solution phase ensembles were able to demonstrate the optical 
effects of quantum confinement present in condensed phase nanoclusters in great detail. 1-12 Also, 
such investigations revealed the clear difference between the gold nanoparticles and quantum 
confined gold nanoclusters. All of the observations made on Au nanoclusters in the solution 
ensembles presented one common theme. That is, the ability of elemental gold nanoclusters to 
form molecule-like “super atoms” in the condensed phase allowing researchers to delve deeper in 
to the science of nanoclusters. 13- 30 The idea of building up molecule like super atoms from 
elemental atoms had started to receive increased attention over the last two decades due to their 
enormous potential in a variety of applications such as bioimaging, sensing, molecular electronics 
and molecular logic applications. 31- 42 However, until now optical investigations on monolayer 
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protected nanoclusters have not been reported on how the effects of quantum confinement will 
manifest when the nanoclusters are removed from ensemble solutions and placed on solid 
substrates. Moreover, quantum confined nanocluster investigations were never reported on what 
effects occur when one isolates nanoclusters from an aggregate.  
 In my dissertation work, I have been able to interrogate highly stable isolated Au25 
nanoclusters on solid substrate when they are removed from solution phase ensemble and from 
solid state aggregates. The crystal structure of Au25 was well known for nearly a decade
24, 25 and 
their atomically precise synthesis 43, 44 as well as their chemical stability 45 allowed researchers to 
investigate them in the solution phase ensembles in an extensive manner revealing many details of 
the realm of quantum confinement. The utilization of the TPEF NSOM for these investigations 
allowed me to carry out these investigations at an unprecedented 30 nm point resolution. This 
allowed me to avoid excitation of more than a single nanocluster (at a time) on solid state with 
two-photon excitation. Interestingly, when the quantum confined nanoclusters were isolated from 
the solution ensembles, the two-photon cross section increased, indicating the presence of local 
field enhanced nonlinear optical effects for isolated clusters. Also, the presence of nanoclusters in 
close proximity tend to reduce the two-photon absorption cross section due to inter-nanocluster 
interactions. These interactions could vary from dipole coupling, energy transfer or local field 
enhancement/reductions due to magic number arrangements of nanoclusters resulting from 
packing and inter-nanocluster distances. These observations indicate that ensemble investigations 
can, to a certain extent, veil the native quantum confinement effects present in nanoclusters. Also, 
our current investigations further support the super atom concept where gold serves as an element 
to build up some stable quantum confined nanoclusters that possess properties that are uniquely 
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different from their elemental atoms, molecules, nanoparticles and bulk metal. Based on the 
understanding we gathered, nanocluster community should be able to generate many new ideas to 
obtain a deeper physical understating of these quantum confined systems and elemental quantum 
clusters in general. 
 Also, the investigations carried out on DNA-templated Ag nanoclusters indicated that the 
physical and electronic states and their excited state dynamics in Ag NCs were similar to the 
solution phase Au nanoclusters. The fact that dsDNA-Ag NCs behave more like a typical quantum 
confined Au nanocluster as opposed to the ssDNA-Ag NCs implies the importance of the ligand 
protection in retaining the symmetry of a quantum confined system there by possessing the 
required energy levels to act similar to a gold nanocluster. Overall, steady state absorption, 
emission, time resolved dynamics and two-photon absorption imply that the DNA-templated Ag 
NCs are indeed quantum confined in their stabilized state. Also, the unusually large two-photon 
absorption cross section of dsDNA-Ag NCs indicate their potential use in near IR biological 
imaging.  
 Overall, my work on the aforementioned quantum confined systems in ensemble, 
aggregate and as isolated nanoclusters on solid substrate indicates the importance of the 
fundamental physical investigations of this interesting new material form. While the field of 
elemental nanoclusters is still burgeoning, it can be easily surmised as to the many type of materials 
possible with these “super atom” or “magic cluster” systems. As I had indicated at the beginning 
of this dissertation, adding a new degree of freedom to material science is no longer a pipe dream. 
As we speak, there are many new metal nanocluster materials that are synthesized and that possess 
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interesting and useful material properties. Therefore, adding a new dimension to the periodic table 
to form certain stable super atom compositions from single elemental atoms will not only be 
possible but it will also be able to give rise to properties that were hitherto unheard of.  
 
5.1.2 Summary for quinoidal oligothiophene investigations 
 For single junction solar cells, singlet exciton fission could increase their power conversion 
efficiency (PCE) from 33% to ~45%. The ability to overcome this Shockley-Queisser limit may 
eliminate a barrier in the power conversion efficiency of organic photovoltaics (OPV). 46 - 56 
Typically, singlet exciton fission was reported to occur in systems where there are molecules 
arranged in close proximity to one another facilitating intermolecular coupling to facilitate singlet 
exciton fission (SEF). This intermolecular requirement causes the molecules to be arranged in a 
specific spatial geometry that limits the full utilization of the singlet exciton fission process. On 
the contrary, intramolecular SEF do not depend on the arrangement/geometry between 
chromphores for efficient singlet fission. 47- 63 However, until our work, efficiencies exceeding 
100% for intramolecular SEF was not reported for small organic molecules. 64 If singlet-to-triplet 
conversion efficiencies approaching 200% can be found from small organic molecules, researchers 
can use such molecular/electronic structures to tune the efficiencies by modifying molecular 
properties through simple synthetic procedures. This will help us to improve the PCE of OPVs to 
obtain high efficiencies that can be a cheap and environmentally benign energy solution. In the 
work discussed in this dissertation, we report ~180% ultrafast intramolecular SEF for a quinoidal 
bitiopehene molecule. Also, in a subsequent theoretical work in collaboration with Zimmerman 
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group we were able to find the conical intersection that may be responsible for the ultrafast singlet 
to triplet conversion. However, the theoretical calculations were not reported for longer than 1 
picosecond time scales. Since there are many photophysical events taking place until the excited 
triplet exciton decay after 57 microseconds our current theoretical understading of this 
intramolecular SEF process in far from complete. Therefore, there is plenty of room for the 
mechanistic investigation of the intramolecular singlet exciton fission process of this small organic 
material. Also, the physics required to utilize this process is something the community is actively 
working on. 
 My work in the investigations of quinoidal bithiophenes for ultrafast intramolecular SEF 
resulted in several important observations. The flash photolysis experiments that were carried out 
indicated a lifetime of 57 microseconds for the triplet exciton. Also, the triplet sensitization 
experiments carried out using tetracene revealed a 111 microsecond triplet excited state for a single 
triplet exciton. This indicates that the shorter lived (57 microsecond) exciton cannot be a single 
triplet exciton. Also, from my two-color transmission experiment studies, we were able to 
determine the singlet-to-triplet conversion efficiency to be ~180%. My solvent polarity dependent 
nonlinear transmission studies indicated the absence of charged polaronic excited states in these 
excited quinoidal thiophene molecules. Finally, the magnetic field dependent time-correlated 
fluoresce signal for the first few ns of emission also supported the hypothesis of the singlet exciton 
fission process that was also observed in many singlet fission materials previously. 65- 69 In addition 
to that our work on ultrafast fluorescence up conversion and transient absorption experiments 
revealed the conversion of a singlet exciton to a long lived excited state that goes beyond our 
measurement time window. This excited state at 580 nm was found to give a delayed fluorescence 
 149 
 
signal that is also consistent with the triplet-triplet annihilation to form more singlet excitons over 
long times. Also, the concentration dependent absorption studies I have conducted indicated no 
shift in steady state absorption on increasing of the concentrations (up to ~60 x 10-6 M) indicating 
no aggregation of QOT2 in the solution.  Therefore, the experimental observations we have made 
are all consistent with the initial formation of intramolecular SEF for QOT2. 
 Subsequent observations of intramolecular SEF with high efficiencies were reported for 
covalently linked pentacene dimers. 70 Since the intramolecular SEF with high efficiency was 
shown with several small molecules 64, 70 and polymeric 57 materials, the field of organic 
photovoltaics would require ways to understand this quantum mechanical process in greater detail. 
The fundamental photophysics such as energy level spacing, presence of conical intersections and 
possible formation of charge transfer intermediate states may not necessarily be the only 
parameters required in these highly efficient molecular events. Future directions section for this 
research will be dedicated to discussing these possible avenues the community may explore via 
experimental and theoretical means. 
 
5.2 Future directions 
 The field of quantum confined nanoclusters and the field of intramolecular singlet fission 
materials are growing rapidly. In this section I try to discuss the possible future directions to pursue 
in order to deepen our current understanding of these exciting materials. 
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5.2.1 Quantum confined nanoclusters 
 The field of monolayer protected nanoclusters had grown to an area of its own right. Due 
to the ability to synthesize atomically precise structures, cluster science was able to enjoy a 
phenomenal growth in terms of the number of materials available to investigate and deeper insights 
gained of this quantum cluster realm. Previous investigations by our group on Au nanoclusters 
were able to experimentally pinpoint exactly the size range the nanoparticle to quantum 
nanocluster transition occur. 1-10 This size range is consistent with the metal-to-insulator transition 
theoretically predicted using Kubo criterion (see Chapter 1 for details). However, due to the 
presence of many valence electrons available in these Au nanoclusters, it is still not straight 
forward as to whether these quantum sized nanoclusters would behave similar to molecules. 
    
 
 
Figure 5-1 Catalytic CO oxidation efficiency with the number of gold atoms. 71 
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Recent work by Jin and coworkers reported an interesting generalization. 71 That is, based on the 
optical, electronic and catalytic behavior of various sizes of Au monolayer protected particles 
(clusters and nanoparticles), the transition from metal-to-nonmetal is not abrupt. As can be seen in 
figure 5-1, the catalytic oxidation efficiency for CO oxidation reached a peak for Au144 while the 
Au333 (with a diameter > 2.0 nm) showed a significant drop in CO conversion efficiency. Also, the 
oxidation current density on Au nanoclusters/nanoparticles followed a similar trend where the 
current density was a maximum for Au144. Their observations lead to a conclusion of the size range 
where the metallic to non-metallic transition is occurring (Figure 5-2). However, it is still not clear 
whether nanoclusters possessing Au144 or even Au25 (red areas in figure 5-2) should be called 
molecules. The presence of large number of valence electrons that can be excited, and the 
availability of electronic states with different types of symmetries within the same energy range, 
the possibility of relativistic effects in Au, and the possibility to relax the typical quantum 
mechanical selection rules of optical excitation via spin-orbit coupling and electronic correlation 
    
 
 
Figure 5-2 Evolution from metallic to non-metallic regime in gold nanoparticles. 71 
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effects can all play roles to make them significantly different from typical molecules. For example, 
one cannot exclude the possibility of quantum confined nanoclusters to undergo multiple 
electronic excitations to form multiple excitons. While investigations into aforementioned 
possibilities are encouraged, it can be argued that quantum confined nanoclusters made out of 
elemental atoms (e.g. Au) should be placed in a position in the realm of materials that cannot be 
deemed atomic, molecular, semiconductor, bulk or nanoparticle. Therefore, due to the unique size 
dependent optical, electronic, catalytic properties of nanoclusters and due to their electronic 
structures, elemental nanoclusters should be placed in its own class as a different form of matter.  
 Also, the fact that Ag nanoclusters demonstrate high quantum yields and the ability of 
dsDNA-templated Ag NCs to show bright two photon emission with unprecedented two-photon 
action cross sections indicate their potential to be used in bio-imaging applications. Also, it is clear 
that such DNA-templated Ag NCs would be an interesting system to study using TPEF NSOM to 
see how their two-photon absorption cross section varies when they are removed from solution 
ensembles. Few questions we will be able to answer through such investigations are as follows. Is 
the two-photon absorption cross section going to be enhanced for Ag NCs similar to what I 
observed in Au25 nanoclusters? How would their two-photon response vary with respect to the 
dsDNA-Ag NC aggregates? One practical road-block one may have to encounter in those studies 
is the identity of the Ag NC. Can we make sure that the number of atoms per Ag nanocluster is 
fixed? I think the Ag NC synthetic techniques have recently been receiving an increased attention 
due to their potential use in biological and sensing applications. For example, recent reports of 
Ag44 crystal structures hint at the direction the community is taking to optimize the Ag NC 
synthetic procedures. 26, 27  
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 As indicated in Chapter 3, the ability of magic number systems to show local field induced 
microscopic cascading (LFIMC) indicates the potential use of nanoclusters in molecular 
computing. If nanocluster arrays can be synthesized where they are connected by covalent linker 
ligands, and if the ideal inter-nanocluster distances can be found, I think large enhancements (> 
order of magnitude) in two-photon absorption cross section can potentially be obtained. The reason 
for such enhancements can be understood as an enhancement of the nanocluster local fields via 
constructive interferences of individual local field upon excitation by an oscillating field (i.e. 
electromagnetic field). Therefore, I think that TPEF NSOM would be a great tool to study such 
nanocluster arrays, networks or lattices with ideal “magic number” configurations to obtain 
unusually enhanced two-photon excited emission to use them in molecular computing and 
molecular logic applications at the nanoscale. 
 
5.2.2 Future directions in Quionoidal oligithiophenes and singlet exciton fission 
 Recent experimental and theoretical investigations carried out on intermolecular SEF have 
shed more light on how this quantum mechanically interesting process is occurring at ultrafast 
time scales. 72- 79 While the understanding of some key parameters essential for singlet fission 
process are understood, there are still few major questions that requires further work. For example, 
when a singlet exciton fission process occurs is it essential to go through a conical intersection? 
Or is it possible to form a charge transfer intermediate that are relatively higher in energy compared 
to the excited state to form the final triplet pair? What is the nature of the correlated triplet pair 
exciton? Is it an excitation wave-packet that is changing its multiplicity and energy over time? 
 154 
 
What molecular parameters are essential to facilitate the conversion of the correlated triplet pair 
into two separate spin wave-functions? How is it quantum mechanically possible to form an 
exciton in a neighboring molecule that is not excited by light (if it is not an energy transfer 
process)? Answers to questions such as above may expand our understanding of this interesting 
photochemical process which in turn help the scientific community identify certain parameters that 
can be used in tuning molecular structures to make highly efficient organic photovoltaic materials. 
 On the other hand, highly efficient intramolecular singlet efficient process needs a 
significant degree of further theoretical and experimental investigations to understand the 
mechanistic details of the process.  In our recent work with the Zimmerman group, we were able 
to identify a conical intersection that govern the initial transition of the singlet exciton to the 
correlated triplet exciton 1(TT) that has Ag symmetry. 
80 Since the dynamical simulations were not 
carried out beyond the picosecond timescales after the excitation, it is still not clear the exact 
evolution of that correlated triplet pair state. Therefore, experimental and theoretical work in the 
field of intramolecular singlet exciton fission would help us to answer the following questions. 
Are the torsional states required to stabilize the two triplet excitons formed in the same molecule? 
Or is it essential to have a completely separated two triplet wavefunctions? Can the correlated 
triple pair state exist as a long lived excitons and be extracted from the photoexcited quinoidal 
bithiophene? Due to the presence of proper energy level arrangement and quinoidal electronic 
structures, can the quinoidal trithiopehene or tetrathiophene show intramolecular singlet exciton 
fission?   
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 In order to answer some of these questions our group is working on solution phase 
extraction of triplet excitons through an intermolecular electron/energy transfer process by using 
a suitable acceptor molecule. If the triplet excitons can be extracted via this approach it is possible 
to do molecular level control of intramolecular singlet exciton fission solar cells for high PCE 
organic photovoltaic applications. This is work is currently in progress.  
 Also, recent reports by Guldi and coworkers 70 on the efficient intramolecular SEF in 
regioisomeric pentacene dimer molecules showed an important point that may require further 
theoretical and experimental investigations. In their work, the highest intramolecular SEF 
efficiency was reported for a dimer molecule where the two pentacene molecules are substituted 
to a bezene ring’s meta position. This creates an angle between the two pentacene molecules close 
to 120 degrees. This specific geometry was showing more efficient intramolecular SEF than the 
meta and para substituted molecules indicating an optimum angle for possible wavefucntion 
overlap and subsequent separation of the excitons in to two separate triplets in the two pentacene 
monomer molecules. Since the initial electronic coupling of the conjugation may be as important 
as the subsequent separation of excitons via (possible) torsional distortions, a critical angle may 
exist that maximizes the singlet to triplet conversion efficiency. Further investigations in the 
mechanism of intramolecular SEF in these pentacene dimers will reveal more details of these 
parameters. Also, an interesting observation one may make in their study is the change in singlet 
fission efficiency upon changing of solvent. When the solvent was made a bit polar (from Toluene 
to Benzonitrile), the SEF efficiency increased. A question that may arise is: Could this 
enhancement in SEF efficiency be due to a possible charge transfer intermediate that may be 
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involved in this intramolecular SEF process? Hopefully, future investigations on these dimer 
molecules may be able to answer this question. 
 As can be understood, intramolecular singlet exciton fission is a burgeoning field in the 
organic photovoltaic community. The independence on the intermolecular arrangement/geometry 
for high SEF efficiencies indicate that this process in small organic molecules could be utilized for 
tuning of SEF efficiencies using simple synthetic tools that are already available for organic 
chemists. The fundamental physical chemical understanding we may gain through such studies 
will reveal the physical chemistry rules that govern the electronic structure, geometry and other 
parameters of potential intramolecular SEF materials. Therefore, future investigations of these 
small organic molecules for highly efficiency intramolecular SEF will help the community to 
make environmentally benign, cheap photovoltaic devices. 
5.3 Experimental Techniques 
5.3.1 Overview 
 In this section of the dissertation, I will be discussing the microscopic and spectroscopic 
techniques used for the aforementioned investigations and the synthesis of atomically precise 
monolayer protected synthesis utilized to obtain Au25 monolayer protected nanoclusters. The 
techniques used for nanocluster isolation in solution phase and then their subsequent preparation 
as isolated nanoclusters on the substrate will also be discussed. The operating principles of the 
instruments used will also be included in this chapter so that the reader can refer to it if they require 
a detailed understanding of the physics, chemistry and engineering involved in each experiment. 
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5.3.2 Steady state absorption and emission 
 Steady state absorption and emission processes allows one to characterize a sample to find 
its optically allowed transitions. They serve as a guide to determine the optical band gap of a 
material and one-photon transitions involved in the absorption and emission processes. Optical 
absorption is measured using the optical density (OD) which gives a quantitative description of 
probability of various transitions. Absorption experiments are carried out with an Agilent Model 
8341 spectrophotometer. The spectrometer has two set of lamps to generate UV and visible 
radiation. Deuterium and tungsten lamps are used to provide a spectrum ranging from 200 nm -
1100 nm. The samples are contained in a Quartz or SOG cuvette manufactured by Starna. The 
cuvette (or cell) has a path length of 0.4 cm. To ensure that absorption data is free from 
contaminations from the environment, a blank spectrum is taken with the same cell containing 
either solvent or air. The collected blank spectrum was subtracted from the final spectra. OD is 
measured as the -log10 T, where T stands for the transmittance of the sample under study. The ratio 
between the transmitted intensity and the incident intensity of light is measured as Transmittance 
(equation 5-1). 
   Equation 5-1        𝑻 =
𝑰𝒕𝒓𝒂𝒏𝒔
𝑰𝒊𝒏𝒄𝒊𝒅𝒆𝒏𝒕
 
OD is related to the concentration of the sample used (c, M), the path length the light beam travels 
across the sample (l, cm) during the absorption process and the extinction coefficient (ε, M-1cm-1) 
of a material via Beer-Lambert Law (equation 5-2).  
Equation 5-2        𝑨(𝑶𝑫) = 𝜺𝒄𝒍 
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 Extinction coefficient is unique to the material under study and can be used to estimate the 
linear (one-photon) absorption cross section of a material (assuming scattering is negligible for 
materials that are much smaller than the wavelength of light). For example, for a material having 
an extinction coefficient of 105 M-1cm-1 would mean its absorption cross section is 1.66 x 10-16 
cm2/molecule. The absorption cross section of a material is directly proportional to the transition 
dipole moment and thus the oscillator strength of the transition.  
 In steady state emission, one measures the time-averaged emission of the material under a 
specific excitation wavelength. The energy that is absorbed by the material can lose some of its 
energy due to the vibrational and rotational friction with their environment. The rest of the 
excitation energy will be lost by emission of radiation. Therefore, the emission will be from a 
lower energy state than the excitation (which is referred to as Stokes-shifted). The fraction of 
absorbed light that is emitted is known as the emission quantum yield (Φsample) of the material. 
Typically, the quantum yield measurements can be carried out with respect to a reference dye 
material with a known quantum yield. First, a reference material that absorbs at the same 
wavelength as the sample and that can emit within the same range of wavelengths as the sample is 
chosen. Then, a set of known concentrations of the reference material and the sample are prepared. 
The OD of each sample and reference with different concentrations are measured followed by the 
measurement of emission spectra for each and every sample under consideration. Then a plot as 
of absorbance (OD) vs integrated fluorescence is made as shown in the Figure 5-3.  
Equation 5-3       𝜱𝒔𝒂𝒎𝒑𝒍𝒆 = 𝜱𝒓𝒆𝒇𝒆𝒓𝒆𝒏𝒄𝒆 (
𝑮𝒓𝒂𝒅𝒔𝒂𝒎𝒑𝒍𝒆
𝑮𝒓𝒂𝒅𝒓𝒆𝒇𝒆𝒓𝒆𝒏𝒄𝒆
) (
𝒏𝒔𝒂𝒎𝒑𝒍𝒆
𝒏𝒓𝒆𝒇𝒆𝒓𝒆𝒏𝒄𝒆
)
𝟐
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The gradients of the plots, the quantum yield of the reference material and the refractive indices  
of the solvents used for each solution can be used for the quantum yield calculation. As shown in 
equation 5-3, the emission quantum yield can be calculated. Here, nsample is the refractive index of 
the solvent in which the sample dissolves. Gradsample and Gradreference are the corresponding 
gradients of the plot shown in Figure 5-3.  
The steady state emission spectra were measured using a SPEX Fluoromax-2 fluorimeter. 
A Xenon lamp is used as the main excitation source and a diffraction grating is used for wavelength 
selection. The SPEX fluorimeter has a resolution of ~1 nm for both excitation and emission 
wavelengths and the slit widths for collection and excitation can be controlled. The emission 
spectrum is collected with a photomultiplier tube and has excellent sensitivity from 300 nm to 
    
 
Figure 5-3 Plot of absorbance vs integrated emission 
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about ~800 nm. The sample cell used in absorption can be used as it is for emission measurement. 
The emission spectrum is collected perpendicular to the excitation beam. 
 Another important property that I have discussed in chapter 3, chapter 4, section 5.1 and 
5.2, is the ability to detect the effects of aggregation using steady state absorption and emission. 
Typically, the absorption spectrum and the emission spectrum may change their maximum 
wavelength of absorption or emission upon aggregation of nanoclusters or molecules. This was 
clearly observed in the case of Au25 nanoclusters, where the emission became narrower as the 
nanoclusters were disassembled in solution. This narrowing results due to the reduction of 
emission densities of states (DOS) upon removal of the coupling of the emissive states. Also, it 
was interesting to note that shift in absorption for Au25 nanoclusters were negligible indicating the 
near independence of absorption maximum upon aggregation. 
 For organic molecules, the emission typically occurs from its lowest excited energy level 
for a given spin multiplicity (referred to as Kasha’s rule). 81 However, as the reader may have 
noticed, nanoclusters as well as certain organic molecules tend to break this rule and emit at more 
than one possible wavelength depending on the electronic structure, density of states and excited 
state dynamics involved. Regardless of whether a molecule/nanocluster obeys the Kasha’s rule or 
not, in order to gain a more detailed understanding of the excited state emission dynamics of a 
chromophore, one may carry out the time resolved experiments. 82 
5.3.3 Time-resolved fluorescence up conversion 
 In order to understand the excited state chemical dynamics, one technique I used was the 
fluorescence up conversion. Here, the excitation dynamics immediately following the excitation 
 161 
 
of the chromophore can be measured starting at the first 100 femtoseconds (1 fs = 10-15 s; i.e.  
millionth of a billionth of a second). As depicted in the diagram of the figure 5-4, the fluorescence 
emitted by a chromophore (S) is sum-frequency mixed by a gate pulse (~800 nm from the 
Tsunami) to produce the up converted signal (at the NC2; beta Barium Borate Crystal). Since the 
temporal overlap between the emission and the gate pulse is critical for up conversion, we can use 
the time delay between the gate pulse and the emission pulse as a measure of the time difference 
between the excitation and emission. For the excitation of the sample (S), frequency doubled 400 
nm pulses (NC1) are used. For the generation of the fundamental beam a mode-locked Ti:Sapphire 
oscillator (Tsunami) is used. The up converted signal is collected by a photomultiplier tube (PMT 
    
 
 
Figure 5-4 Optical diagram of the time resolved fluorescence up conversion set up. 
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or PT). The signal from the computer is sent to the computer and the Lumex software controls the 
delay stage motors. The step size of the delay line is ~6.75 fs which. Fluorescence emission from 
the first 100 fs to 1 ns can be measured using this set up.  
 The sample of the fluorescence up conversion experiment is kept in a rotating cell with 1 
mm path length. The rotation of the sample tries to minimize the photo-damage due to the 
prolonged exposure to light. Since the laser has a pulse duration of 110 fs, the instrument response 
function (IRF) which has a Gaussian profile. Therefore, the dynamics occurring at the first 110 fs 
will be hidden inside this IRF response which will be recorded by the set up. Once can consider 
the IRF as the beginning of the signal and measure the emission of the subsequent events. We use 
Origin and MATLAB programs to determine the decay rates from the time-resolved fluorescence 
data.  
 From the fluorescence dynamics of a molecule one may be able to obtain information such 
as emission linewidths and transition dipole moments. If we assume the emission dipole is isolated 
 
Figure 5-5 Image of the time resolved fluorescence up conversion set up. 
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in vaccuum, we can represent the spontaneous decay rate (i.e. emission rate) according to the 
following equation. 83 
Equation 5-4        𝜸𝟎 =
𝝎𝟎
𝟑|𝝁|𝟐
𝟑𝝅𝜺ℏ𝒄𝟑
 
Here, the γ0 is the decay rate of the emission dipole in a vacuum, ω0 is the frequency of the 
transition, μ is the transition dipole moment extracted from the transition dipole matrix element 
<g| μ |e>, ε is the permittivity of the vacuum, c is the speed of light. While the transition dipole 
moments associated with the molecules in condensed phase may require corrections or 
approximations for the above equation, it is clear that the time-resolved fluorescence up conversion 
decay rate can be used to determine the transition dipole moments involved in an emissive 
transition.  
5.3.4 Ultrafast transient absorption 
 Ultrafast transient absorption measures the difference in absorption of the ground state and 
the excited state. A delay stage that delays the probe pulse investigates the absorption of the sample 
at different time delays. Briefly, the sample is being excited by ~ 10 μJ pulses generated from the 
Optical Parametric Amplifier (OPA) system. These pump pulses serve as the excitation light 
source of the sample (In order to obtain high energy pulses required for the OPA, a regenerative 
amplifier [Spitfire by Spectra Physics] is used). Then, a white light continuum (450 nm to 750 nm) 
pulse with a known delay is sent to probe the excited state absorption and bleach dynamics. A 
charged coupled device (CCD; Ocean Optics 2000) is used to measure the signal from the white 
light continuum and the change in transmission is converted to ΔA units. In this approach we can 
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measure the excited state absorption decay dynamics as well as bleach recovery dynamics. Excited 
state energy delocalization and energy transfer processes of molecules can be measured using this 
technique. For a detailed description of this set up used in Goodson group the reader is referred to 
the reference 84 and 85. 
5.3.5 Two-photon absorption (TPA) and two-photon excited fluorescence (TPEF) 
 Two-photon absorption was first predicted by Maria Goeppert-Mayer in her doctoral 
dissertation.86 It is a third order nonlinear optical process where two-photons are absorbed 
simultaneously by a chromophore. One very important aspect of two-photon process is, the 
probability of TPA increase as the square of the excitation intensity. This will be discussed in detail 
when discussing two-photon excited fluorescence. In order to understand the two-photon 
absorption process better, one may consider the two-level approximation (Figure 5-7) for two- 
photon absorption (TPA). 87 The electronic transition from ground state (0) to the first excited state 
(1) occurs via simultaneous absorption of two-photons each possessing half of the energy of the 
 
 
Figure 5-6 Transient absorption set up in the Goodson Lab. 
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energy gap being excited. As can be seen in Figure 5-7, there is no real energy level present for  
the first photon to be excited. Therefore, we consider that as a virtual state through which the 
second excitation occurs. In order for this process to be quantum mechanically allowed, the time 
gap between the first and second photon being absorbed should typically be on the order of 
femtoseconds. Therefore, two photon absorption requires high intensities of excitation radiation. 
Since the advent of pulsed lasers, two-photon absorption experiments became straightforward as 
the instantaneous intensity necessary can be provided by femtosecond pulses. According to the 
Figure 5-7, the permanent dipole moment (labeled μ0, μ1) of the chromophore can change when it 
is excited from ground state to the excited state. Also, the two photon transition involves a two-
photon transition dipole moment (μ10) which is the matrix element responsible for excitation by 
both photons under the dipole moment operator ~<1|μ|i><i| μ |0>.  
 
 
Figure 5-7 Two-photon absorption according to a two-level approximation. 
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The equation 5-5 shows the relationship between the two photon absorption cross section 
(δ), the change in permanent dipoles upon two-photon excitation (Δ μ10=μ1- μ0) and the angle (α) 
between the transition dipole moment (μ10) and the Δ μ10. 87 
 
Equation 5-5      𝜹 (𝝂𝟏𝟎) =
𝟒(𝟏+𝟐 𝒄𝒐𝒔𝟐𝜶)
𝟓
 
𝝅𝟏𝟎𝟑 𝐥𝐧 𝟏𝟎 𝒇𝟐
𝒉𝒄𝟐 𝑵𝑨 𝒏
 |∆ 𝝁𝟏𝟎|
𝟐 𝜺(𝝂𝟏𝟎)
𝝂𝟏𝟎
 
The terms of the equation can be defined as follows. 
δ – two-photon absorption cross section 
α – angle between transition dipole moment and Δμ10 
f – local field factor = (n2+2)/3 
Δμ10 – difference between the permanent dipoles of the ground state and the excited state 
ε - molar extinction coefficient 
ν10 – frequency of the transition 
Figure 5-8, can be used as a schematic to understand the relationship between the difference in the 
dipole moments (Δ μ10=μ1- μ0) and the transition moment (μ10). Interestingly, if the Δ μ10 can be 
increased the two photon absorption may be increased resulting higher two photon absorption cross 
sections. This implies that the two-photon absorption process is more sensitive to ultrafast excited 
state electron delocalization, charge transfer events and local field enhancement. Previous work 
on electric field sensitive two-photon chromophores have been shown to create an induced dipole 
in the presence of electric fields causing the δ to increase. 88- 90 In the next part of this section, I 
 167 
 
will discuss how I used two-photon excited fluorescence to calculate the two-photon absorption 
cross section (δ).  
  Once the molecule is excited, it undergoes the typical energy relaxation resulting in the  
subsequent emission of a photon. This is known as the two-photon excited fluorescence (TPEF) 
and was utilized in my experiments involving the isolated Au25 nanocluster microscopy, Au25 
aggregate microscopy and DNA-templated Ag NC spectroscopy. Similar to TPA, the TPEF signal 
is proportional to the square of the intensity of radiation. This quadratic intensity dependence can 
be utilized as a measure to distinguish the TPEF process from any linear scattering or emission 
processes. Also, since two-photon absorption requires longer wavelengths to excite specific 
transitions, and the fact that the quadratic intensity dependence allows the 3-dimensional excitation 
and better contrast of the images, 91 TPEF is a better candidate to do biological imaging compared 
to its one-photon counterpart. I will discuss the TPEF imaging in detail in the context of TPEF 
NSOM. 
 
 
Figure 5-8 Schematic of the relationship between the change in permanent dipole moments and 
the transition dipole moments 
 
 168 
 
In my experiments of TPEF, I used a Mai Tai or Kapteyn-Murnane lasers working at ~80   
MHz repetition rates with ~110 fs pulse durations. For the solution phase studies reported the 
following procedure is followed. The two-photon excitation beam is focused on to the sample cell 
and the TPEF signal that is perpendicular to the excitation beam is directed towards a 
 
 
Figure 5-9 Optical diagram of the TPEF set up. 
 
 
 
Figure 5-10 A TPEF set up in the Goodson Lab. 
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photomultiplier tube (PMT). The signal from the PMT is sent to the computer and recorded using 
a Labview program. A neutral density (ND) filter is used to adjust the excitation intensity incident 
on the sample and the corresponding TPEF signal is recorded. Then, a log-log plot of the incident 
intensity vs fluorescence counts is made. For TPEF chromophore, the slope of this plot should be 
~2.0 which is the signature of the two-photon absorption process. In order to calculate the two-
photon absorption cross section (δ) of a chromophore one can use a reference TPEF material that 
has a known reported δ value. Then, using the following equation for both the known and the 
unknown, one can easily calculate the two-photon absorption cross section of the unknown. 92 
Equation 5-6       < 𝐅(𝐭) >  =   𝟎. 𝟓 𝐠∅ƞ𝟐𝛅𝐂 
𝟖𝐧<𝐏(𝐭)>𝟐
𝛑𝛌
 
Where, < 𝐹(𝑡) >  = Average fluorescence rate, 
 𝑔 = 
<𝐼(𝑡)2>
<𝐼(𝑡)>2
 , 
∅ = Fluorescence collection efficiency of the optical set up (at the emission wavelength), 
ƞ2 = Fluorescence quantum yield of the chromophore, 
𝐶 = Concentration of the sample, 
𝛿 = Two photon absorption cross section, 
𝑛 = Refractive index of the sample medium (assumed to be 1.0 for air), 
< 𝑃(𝑡) > = Average excitation power, 
𝜆 = Wavelength of emission 
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 As can be seen in equation 5-6, the TPEF intensity F(t), depends quadratically on the  
excitation intensity. Even in the TPEF NSOM experiments, this nonlinear dependence of 
fluorescence on excitation intensity was used as a signature of the TPEF NSOM process. 
 Another interesting aspect of the TPA process is that the quantum mechanical selection 
rules governing two-photon excitation is different from that of the one-photon counterpart. Most 
importantly, the symmetry selection rules are clearly different. For example, if we excite an 
organic molecule possessing an Ag ground state and Bu and Ag excited states, the one-photon 
excitation should cause an electronic excitation to the Bu excited state whereas the TPA would 
result in an Ag excited state. Therefore, it is possible that two-photon active crystalline structures 
may prefer certain two-photon transitions over the others (depending on their symmetry) which 
can be utilized in solid state TPEF spectroscopy of molecular symmetry. 93- 95 However, in the case 
of quantum confined gold nanocluster systems (metal NC systems) these selection rules may be 
somewhat relaxed. This is due to the presence of many valence electrons that can be excited and 
the multiple energy levels aligning nearby possessing different symmetries. 
5.3.6 Two-photon excited fluorescence (TPEF) near-field scanning optical microscopy 
(NSOM) 
5.3.6.1 A brief history of TPEF microscopy below the diffraction limit 
              Many advances in optical imaging and spectroscopy of nanoscale objects were reported 
during the past few decades.96-111 Until the end of the 20th century, Abbe’s limit of diffraction had 
apparently set a theoretical limit on the resolution an optical microscope can have. At the beginning 
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of the 20th century, obtaining point resolutions below the diffraction limit (~λ/2; >200 nm for  
optical microscopy) was deemed unlikely by many microscopists. Optical imaging below the 
diffraction barrier during the last few decades was considered major progress. 96- 111 These 
advancements allowed closely-spaced nano-sized objects to be probed when they are separated by 
tens of nanometers apart. As depicted in Figure 5-11, if resolution of an imaging system is 
significantly larger in size than the inter-chromophore separation, the two chromophores will be 
imaged as one object hiding the individual information unique to the chromophore. Point 
resolution of a microscope can be defined as the full width at half maximum (FWHM) of the 
representative point spread function (PSF) obtained from a single point-like object. For far-field 
optical microscopy, improvement of point resolution below 200 nm required the modification of 
the excitation or detection mechanism.96-99 It was generally considered that if a molecule has a 
nonlinear optical response, diffraction-unlimited point resolutions can be attained readily. 97 
Nonetheless, with far-field two-photon excited fluorescence imaging (due to the use of longer 
 
 
Figure 5-11 (a) Point spread function (PSF) and the (b) Overlapping of two PSFs. Full-width at 
half maximum is referred to as the point resolution. 
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wavelengths), the excitation spot in the x-y plane (lateral) will be twice as large compared to its 
one-photon counterpart. 97 Consequently, typical far-field multiphoton fluorescence microscopy 98 
has not been able to enhance the lateral point resolution below 200 nm. However, it must be noted 
that due to the use of longer wavelengths for excitation, multiphoton fluorescence microscopy has  
the advantages of lower background fluorescence; and due to quadratic dependence of 
fluorescence on excitation intensity, improved contrast of the optical image is observed.106 
              Contrary to far-field techniques, near-field optical imaging eliminates the diffraction 
barrier altogether by using evanescent fields near (<<λ) a sharp metal tip or an aperture (by 
reducing the effective excitation volume).100 -106 Betzig et al100 have demonstrated room-
temperature one-photon excited fluorescence (1PEF) NSOM with point resolutions below 100 nm. 
Compared to 1PEF NSOM, multi-photon fluorescence (e.g. TPEF) NSOM is also able to realize 
an enhanced point resolution due to its independence of diffraction by lateral confinement of light 
 
Figure 5-12 Comparison between the expected PSFs for one-photon and two-photon 
fluorescence under aperture-based NSOM excitation. Intensity dependence of the TPEF allows 
better confinement of the effective excitation field.  
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and strong intensity dependence inherent to two-photon excitation. In other words, TPEF NSOM  
carries all of the advantages of typical TPEF microscopy and the ability to (unlike far-field TPEF) 
obtain sub-diffraction point resolutions.  Along these lines, TPEF NSOM of Rhodamine B single 
molecules were reported by Steel and coworkers113. However, point resolutions better than ~175 
nm were not materialized for aperture based TPEF NSOM. It was inferred that with smaller 
diameters of the apertures, insufficient intensities of the electric field component at the optical 
near-field may have caused this difficulty. 113 Also, rapid photo-damage of typical organic TPEF 
chromophores under high TPEF excitation intensities clearly limits the success of this approach. 
However, since noble-metal nanoclusters have demonstrated unusually large TPA cross sections 
114 and high stability under optical excitation, interrogating of Au25 single nanoclusters using TPEF 
NSOM appeared as a viable idea. In the next sections, I will discuss the TPEF NSOM set up I used 
 
Figure 5-13 Optical diagram of the TPEF NSOM set up. 
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for the isolated single nanocluster investigations and the road blocks that were needed to overcome  
to accomplish isolated single nanocluster imaging using TPEF NSOM. 
5.3.6.2 Experimental set up used for TPEF NSOM 
 The TPEF NSOM set up utilized for isolated single Au25 nanocluster investigations 
can be described as follows. A Mai Tai femtosecond laser source with a repetition rate of 80 MHz 
was used for the excitation (Figure 5-13). Pulses of ~110 fs (FWHM) at 810 nm were coupled to 
a single mode optical fiber (maximum throughput at ~ 780 nm) and the tapered end of the optical 
fiber serves as the local excitation source for the NSOM set-up. Near-field illumination of the 
sample generates the two-photon excited fluorescence (TPEF) from single gold nanoclusters. 
Raster scanning of the 1 um x 1 um areas with 10 nm pixels at 36 milliseconds bin times generated 
TPEF NSOM images.  The fluorescence emission of the single gold nanoclusters and transmitted 
 
Figure 5-14 Diagram of NSOM microscope after coupling and the near-filed illumination 
geometry inside the NSOM (tip-sample distance <<<λ).  
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810 nm photons were collected using a far-field inverted objective and transferred through a fiber  
optic cable to a photomultiplier tube (PMT).  
As shown in Figure 5-14, the transmitted 810 nm light is sent through a filter housing and 
attenuated using a two 808 nm notch filters and a short-pass filter. Thus, the anti-stokes shifted 
TPEF can be detected (in the visible region) with sufficient intensities for single molecule imaging. 
The TPEF NSOM intensities were analyzed using FemtoScan Online software and the Gaussian 
fits for TPEF NSOM point resolution were obtained using Origin 7 fitting software. The final 
TPEF NSOM scans were displayed using ImageJ software. The probe tip diameter used was ~ 40 
nm. 
5.3.6.3 Obtaining high NSOM coupling efficiencies for TPEF NSOM 
 Investigating single nanoclusters with a 40 nm diameter NSOM probe tip using TPEF 
requires large near-field intensities. If the near-field coupling efficiency of an NSOM probe is not  
 
Figure 5-15 SEM image of a sample NSOM probe used with ~40 nm tip diameter (a) SEM 
image of ~10 um x ~18 um field of view (b) zoomed in SEM image of the NSOM tip (c) SEM 
profile. 115 
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large enough, one has to increase the actual laser power incident on the fiber for coupling.  
However, there is a limit to increasing the laser power at the coupling end of the optical fiber, 
because due to the taper of the near-field tip, the rest of the light that is not propagating trough the 
core of the single mode optical fiber (SMOF) could cause heating and burning of the near-field 
probe tip. Also, heating of the probe tip at high powers increases the noise of the NSOM tip 
vibrations causing the near-field noise to increase. Therefore, increasing the coupling efficiency 
of a near-field probe is key to doing measurements that requires high sensitivity. To this end the 
spatial profile/quality of the beam that is being coupled to the SMOF, the parallel nature of the 
beam to the fiber and the presence of a perpendicular cut at the coupling end of the SMOF are 
some parameters that must be optimized. While collimating of the beam is carried out before the 
coupling (C1 and C2 in Figure 5-13 and Figure 5-16), beam profile and quality emanating from 
the Mai Tai laser can be made better. In order to obtain a better quality beam profile, I used a  
spatial filter before the collimators. A spatial filter manages to filter out the imperfect, low quality 
portions of a beam. In the spatial filter I used, the beam is focused by a convex lens with 25 cm  
 
 
Figure 5-16 Image of the collimator used at the NSOM coupling 
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focus and sent through a pin hole ~300 μm in diameter. Then, the beam is made parallel by another 
convex lens with 25 cm focus. While this cuts off a significant portion of the light transmitted 
through the pinhole, it generates an airy disk profile (a bright spot with concentric rings) as in 
Figure 5-18. This is the two-dimensional Fourier transform of the initial beam’s transverse 
intensity distribution. That implies that the central spot in the airy disk correspond to the perfect   
 
Figure 5-18 Airy disk beam profile after spatial filtering. 
 
 
Figure 5-17 Pin hole of the spatial filter. 
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part of the beam while the concentric rings are the filtered out imperfect parts of the beam. Once 
the spatial filtering is done, the coupling efficiency of the central spot of the airy disk to the SMOF 
would ensure generating a larger fraction of the propagating mode in the SMOF that is important 
for high near field coupling efficiency.  
 Once the spatial mode is made better making the beam parallel requires alignment of the 
beam using several mirrors before the coupling end of the SMOF. Then, obtaining a perfectly 
perpendicular cut of the single mode optical fiber usually requires several cuts of the SMOF 
coupling end using a sharp axo blade and examination of it under jeweller’s lens (Figure 5-19). 
Once the SMOF coupling end has a perfectly perpendicular cut, I move to coupling the laser to the 
SMOF, optimizing and measuring the coupling efficiency.  
 
 
Figure 5-19 Image of the Jeweller’s lens used. 
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 For initial coupling of the laser beam, I use a 50 mW of 810 nm laser power (80 MHz). 
The coupling is done by adjusting the x, y, and z positions of the fiber coupler and the mirrors 
right before the SMOF coupling end. In order to measure the coupling efficiency, I use the 
following procedure. First a pinhole smaller than 200 μm is placed on the microscope sample 
holder area. Then, a power meter is placed below that pinhole. Using the feedback mechanism of 
the NSOM microscope, I lower the NSOM probe using the uScope software so that the probe tip 
is centered in the pinhole. Then, the coupling is optimized and the power transmitted through the 
pin hole is measured. The ratio between the transmitted power and the coupled power gives the 
coupling efficiency (CE). Since measuring the CE in this approach is tedious and prone to damage 
the NSOM tip, I use the output form the collection optics (fiber bundle) and send that coupled light 
to a photodiode. The photodiode (PD) gives a mV signal which is calibrated with respect to an 
 
               
Figure 5-20 Image of the MoScan NSOM microscope enclosure (left), the optical and inverted 
microscope (right) for NSOM collection. 
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actual CE measurement using the procedure described above. Once the PD is calibrated, I can 
safely measure the CE frequently and when necessary. Once the high CEs were obtained using 
this procedure, I moved to conduct TPEF NSOM investigations of single nanoclusters.  
5.3.6.4 Conducting TPEF NSOM on Au25(PET)18 nanoclusters 
 Initially (before using Au25[GSH]18), I used 0.75 nM concentrations of Au25(PET)18 
solutions to deposit nanoclusters on glass cover slides. Since PET (phenylethylthiol) is an organo-
soluble ligand, I used toluene as the solvent. After many attempts of NSOM experiments involving 
different concentrations, I arrived at 0.75 nM concentrations (used for spin coating) to obtain single 
NC TPEF NSOM where the aggregation as the spin coating proceeds was not a likely. The TPEF 
 
               
Figure 5-21 NSOM instrument with the sample in place. Below the sample stage is the 
inverted microscope the collects the transmitted light and sends through an fiber bundle to the 
PMT 
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NSOM (Figure 5-22) with a log-log plot having a slope of ~1.7 was observed. Also, when the two  
photon cross section was calculated for the TPEF features observed, a cross section of 1.31 x 106 
GM was observed. While this value is about 3-fold enhanced compared to the solution phase 
counterpart that was reported previously, the actual number of nanoclusters investigated was not 
clear. Because, even if one obtains an arbitrarily and infinitely small concertation of Au25(PET)18 
solution, the possibility of solution phase aggregation of nanoclusters is not excluded. Therefore, 
I decided to solve the aforementioned problem in the following steps. First and foremost, find a 
method to definitively isolate single nanoclusters in solution. Then, deposit them as single 
nanoclusters and confirm they can indeed be isolated on the substrate. Finally, run the TPEF 
NSOM experiments on these isolated single nanoclusters.  
 To make sure that I can isolate single Au25 nanoclusters in solution, I have decided to use 
glutathione (GS) protected Au25 NCs. The advantage of using glutathione (GS) is that by 
 
 
Figure 5-22 TPEF NSOM of Au25(PET)18 nanoclusters. 
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increasing the pH glutathiolate ligand attached to the Au, can be ionized due to the presence of  
dangling carboxylate groups facing the solution. Due to inter ligand repulsion, Au25 disassemble 
even in the solution phase. As discussed in detail in Chapter 3, I synthesized Au25(SG)18 
nanoclusters using a well-established procedure to synthesize atomically precise Au25 NCs.
 32, 33 
Then, the pH=7.2 solutions were used to isolate Au25 NCs in solution. Subsequently, the Au25 NCs 
were confirmed to be isolated (using STEM) on solid substrate even when the conditions 
(concentrations) were highly favorable for aggregation. The reader is referred to Chapter 3 for 
more details. Once the isolated single nanoclusters were deposited on plasma cleaned glass 
substrates, TPEF NSOM were conducted that allowed me to compare many interesting differences 
in the TPEF response between the isolated Au25 NCs, Au25 NC aggregates and solution phase Au25 
NCs. 
 
Figure 5-23 Comparison between the point resolutions for confocal, previous best TPEF 
NSOM and current aperture based TPEF NSOM point resolution. 115 
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5.3.6.5 Unprecedented point resolution of TPEF NSOM of Au25 NCs 
  As discussed in chapter 3, I was able to obtain a point resolution of 30 nm for aperture 
based TPEF NSOM when investigating isolated single Au25 NCs. As depicted in the figure 5-23,  
the confocal resolution is about ~ 200 nm, 118 and the previous aperture based TPEF NSOM 
resolution was ~ 175 nm. 113 Interestingly, the point resolution observed by us implies that when 
 
 
Figure 5-24 Confocal excitation may excite more than one isolated nanocluster. 
 
 
Figure 5-25 Comparison between TIRF (mesh) and TPEF NSOM (pseudocolor) images. 
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the nanoclusters are about 50 nm apart, they can still be investigated separately. As depicted in the  
figure 5-24, this is not possible in confocal microscopy. The entire area covered by the green 
striped circle would be excited by confocal microscopy giving rise to a single image spot whereas 
TPEF NSOM was able to identify separate nanoclusters as separate TPEF NSOM features. This 
remarkably better resolution was evident even when the total internal reflection (TIRF) images 
were obtained for Au25 nanoclusters. As the comparison in the figure 5-25 reveals, the TIRF and 
TPEF NSOM point resolutions were compared that demonstrates the same point mentioned above.  
5.3.7 Time-correlated singlet photon counting 
 Time-correlated single photon counting (TCSPC, ~1 ns resolution) was performed using a 
Ti:Sapphire cavity dumped laser. The cavity dumped laser set up that was described in reference 
 
 
Figure 5-26 Optical diagram for the time-correlated single photon counting set up. 
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119 and 120 was used as an excitation source. Pulse repetition rate was set at 755 kHz in the 
experiments conducted on QOT2 delayed fluorescence and magnetic field dependent delayed 
fluorescence experiments. Average pulse energy was ~13 nJ. A BBO crystal converts the 840 nm 
pulsed light into 420 nm excitation pulses. The fluorescence from the sample was collected at a 
right angle for the excitation beam. Time resolution was created by using a time to amplitude 
converter (TAC), a linear ramp generator in the TimeHarp 200 (PicoQuant) detection card. Using 
time-correlated single photon counting the emission after the first 1 ns could be measured. QOT2 
molecules dissolved in THF, was able to give a non-exponential decay at 580 nm emission but a 
clear exponential decay at 470 nm emission. This delayed fluorescence at a lower emissive energy 
indicated the reverse process of the singlet exciton fission, namely the triplet-triplet annihilation. 
When a magnetic field about ~200 Gauss (using Neodymium ring magnets) was applied on the 
sample, I saw an increase in fluorescence counts for the peak of the TCSPC signal in its first few 
ns of emission. Singlet-to-triplet conversion process was known to be sensitive to magnetic fields. 
 
 
Figure 5-27 Image of the time-correlated single photon counting set up. 
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Therefore, I concluded that this was due to the reduction of the singlet-to-triplet conversion 
efficiency in the singlet fission process of QOT2 resulting in higher population of singlet excitons 
for emission. This was consistent with the observations made by Bardeen and coworkers. 121- 124 
 
5.3.8 Au25(SG)18 nanocluster synthesis 
  As described previously in the chapter 3, and section 5.3.6, I synthesized atomically precise 
monolayer protected Au25 nanoclusters using a well-optimized kinetically controlled synthetic 
procedure. 116, 117 Briefly, a 0.1698 g of HAuCl4 was dissolved in 100 ml of Methanol and stirred 
at 0 °C (ice bath) for 15 minutes. Following the dissolution (and cooling) step, 0.614 g of GSH  
(glutathione) was added to the mixture and the reaction was left to proceed (while stirring) for 
another 30 minutes. . In this step, the main reaction that is taking place is the initial reaction of 
Au(III) to form thiolate bound Au(I).   
 
 
Figure 5-28 The reaction mixture when the HAuCl4 is reacting with glutathione ligands. 
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 In order to finish the redcution of Au(I) to mostly Au(0) (i.e. for core Au of the nanoclusters), 
another step of reduction is required. Therefore, 0.1891 g NaBH4 was dissolved in 25 ml water 
and added drop wise in to the reaction mixture. The reaction was further run for another 1 hr. All 
of the aforementioned steps were condcuted in a 0 °C ice bath. After the reaction with NaBH4 was 
complete (i.e. after 1 hr), the resulting reaction mixture was centrifuged and the precipitate was 
washed 3 times with Methanol (vortex, sonicate and then centrifuge) followed by drying in the 
vacuum at room temperature. While this completes the reaction, it produces AunSGm clusters. The 
optimization of reaction conditions using kineticl control requires another step which is referred 
to as size focusing. 116, 117 
 In this step, which we refer to as the etching step, precise temperature and stirring conditions 
were maintained in the presence of excess thiolated ligand. The resulting AunSGm clusters (82 mg) 
were dissolved in 7 ml water and heated in a water bath at 55 °C followed by the addition of a 132 
mg portion of GSH. (Water bath was set at least an hour prior to the beginning of the experiment 
 
 
Figure 5-29 The reaction mixture after the etching step.  
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and the temperature was set at 55 °C which was maintained throughout the experiment). The 
reaction was stirred slowly (~300-400 rpm; not faster than that) for 4 hr. Then the reaction mixture 
was centrifuged followed by discarding of the precipitate. The resulting supernatant was 
transferred to a new centrifuge tube followed by the addition of 2-3 ml of Ethanol to precipitate 
Au25SG18 nanoclusters. This preciptate was further purified 3 times by dissolution (by water) and 
precipitation (by Ethanol) cycles to obtain monodisperse Au25SG18 nanoclusters. Then the solid 
nanocluster sample was dried in vacuum at room temperature which was subsequently stored in 
the freezer. I used milipore grade water for all of our synthesis and purification steps. Also all of 
the solvents used were of spectroscopic grade (or better). All of our glassware must be very clean 
in order for this reaction to occur as described. Therefore, cleaning of glassware by a base bath 
and subsequent drying is done at least a day prior to the synthesis begins. 
 Then STEM characterization was carried out by depositing the filtered pH=7.2 solutions as 
described in chapter 3 which confirmed the formation of single Au25 nanoclusters. 
115 
 
 
 
Figure 5-30 STEM image of a Au25 nanocluster sample dissolved in pH=7.2, deposited on a 
holey-carbon copper grid.  
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